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CHAPTER 1: INTRODUCTION 
 

Rich Zabel (NOAA Fisheries, NWFSC, Seattle), Tom Cooney (NOAA Fisheries, NWFSC, 
Portland), Chris Jordan (NOAA Fisheries, NWFSC, Newport) 

1.1 Overview 
Life-Cycle modeling has become an invaluable tool for managing at-risk populations 

(Doak et al. 1994, Beissinger 2002), particularly for species that have distinct life stages.  A 
major advantage of life cycle models is that they can translate changes in demographic rates 
(survival, capacity, or fecundity) in specific life stages into measures of population viability 
metrics (e.g., long-term abundance, productivity, or probability of extinction), which are more 
relevant for population management.  In addition, life-cycle models allow for the examination of 
impacts across several life stages and in concert with other factors such as climate variability and 
change (Figure 1).  

In the Columbia River basin, researchers have used life-cycle models to address a broad 
range of questions in a variety of populations (Kareiva et al. 2000, Wilson 2003, Zabel et al. 
2006, Interior Columbia Technical Recovery Team and Zabel 2007, Crozier et al. 2008, Honea et 
al. 2009, Jorgensen et al. 2009).  While early models were deterministic and density independent 
(Kareiva et al. 2000), later efforts were more sophisticated, including stochasticity, density 
dependence and climate variability and change (Zabel et al. 2006, Interior Columbia Technical 
Recovery Team and Zabel 2007, Crozier et al. 2008). 

The 2008 FCRPS Biop used life-cycle models to examine the effects of hydro actions on 
population viability under a range of future climate scenarios. The Adaptive Management 
Implementation Plan (AMIP) called for an extension of these models.  In particular, the AMIP 
called for an expansion of the number of populations modeled, modeling the effects of habitat 
mitigation actions, improved representation of climate effects, inclusion of the effects of 
hatchery spawners, and modeling of spatial interactions. This document is a culmination of this 
effort and is a compilation of products from several modeling teams.  We should note, however, 
that this effort is ongoing, and this document represents progress to date.  We plan to continue 
this effort into the future to take advantage of the many field studies that will greatly expand 
available data to support the modeling. 
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Figure 1.  Typical Interior Columbia River basin spring and summer Chinook salmon life cycle, 

with mitigation actions occurring at several life stages.  In addition, climate variability 
and change can interact with actions to influence population performance. 

1.2 Modeling Habitat relationships 
The 2008 FCRPS BiOp places emphasis on increasing population performance by 

improving habitat conditions in freshwater.  Accordingly, we have focused on developing 
relationships between juvenile productivity and habitat conditions.  The goal of freshwater 
mitigation actions is to change the state of freshwater ecosystems in such a way to improve the 
conditions for juvenile rearing and adult spawning.  The mitigation actions take on many forms, 
including moderating water temperature by increasing riparian vegetation, restoring stream 
structure, or allowing better access to or increasing the amount of productive habitat.  In 
addition, other anthropogenic impacts, such as climate change, can also alter freshwater 
ecosystems, and can consequently change population performance, either positively or 
negatively. 

A major challenge of developing fish/habitat relationships is understanding the mitigation 
actions – change in ecosystem – fish response pathway (Figure 2).  Establishing these linkages 
requires detailed field data, both in terms of fish response and habitat conditions.  We have 
developed five example analyses to demonstrate how we can use existing data to develop these 
types of relationships and incorporate them into life-cycle models.  In addition, we present 3 
more examples where we are in the process of developing these types of models.  Here is a 
summary of these models: 
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Figure 2.  Representation of the pathway of actions and anthropogenic disturbance through 

changes in the state of ecosystems, demographic parameters, and population viability. 

 
 

Section 2.2.1:  Grande Ronde Spring Chinook Population Models 

 We have developed life cycle models for four Grande Ronde River basin spring Chinook 
salmon populations using the existing matrix model framework for Catherine Creek as a starting 
point. We have taken advantage of results from a relatively long term annual juvenile spring 
Chinook salmon monitoring program in the populations to break out the single stage freshwater 
rearing component in the original model into three steps: spawner to summer parr, summer parr 
to spring emigrant and spring immigrant to Lower Granite Dam. Based on those data sets, we 
have developed functional relationships for parr production and parr to smolt survival for each 
population and incorporated them into the life cycle models. When expressed in terms of a 
standard amount of habitat, parr production per spawner estimates are relatively consistent across 
the four populations. Relatively strong density dependent effects are apparent in the subsequent 
summer parr to spring out-migrant phase survival relationships for each population. We are 
coupling results from the juvenile data analyses with data being generated through a major 
habitat study focused on Catherine Creek and the Upper Grande River to explore alternative 
approaches for linking habitat conditions and to juvenile stage survivals and capacities in the 
models. Our primary objective is to enhance the capability for modeling the impacts of potential 
changes in habitat on projected population abundance and risk, either in isolation or in 
combination with actions aimed at other life stages. It may be possible to adapt the models with 
more detailed life history stages to additional spring Chinook populations within and outside of 
the Grande Ronde basin. At a minimum, comparisons between models with and without the 
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more detailed juvenile life history stages for the Grande Ronde populations should provide 
insight into the relative capabilities of the simple models. The Grande Ronde models are 
designed to be able to incorporate modules that implement alternative assumptions regarding the 
impacts of possible hydropower and harvest strategies as well as ocean climate. There are 
ongoing natural broodstock supplementation programs underway in three of the four populations. 
Immediate priorities for the Grande Ronde Chinook modeling effort include incorporating a sub-
model that will allow modeling the effects of the hatchery supplementation programs on natural 
production under alternative assumptions of hatchery/natural interaction, working with the 
companion CRITFC Catherine Creek modeling effort in further developing capabilities to 
analyze habitat strategies additional sensitivity analyses, and possible refinements of model 
structure and inputs.  
 

2.2.2 Catherine Creek life-cycle model with policy optimization 

Tribal fisheries scientists at the Columbia River Inter-Tribal Fish Commission are 
developing a version of a lifecycle model for Catherine Creek spring/summer Chinook salmon 
that imbeds a policy optimization tool.  The lifecycle model allows for the spatial distinction of 
multiple spawning populations, accounts for straying during spawning migration, and accounts 
for dispersal of rearing juvenile fish into neighboring spatial units.  The fresh water component 
of the model distinguishes multiple freshwater stages in multiple spatial units, each having a 
survival relationship sensitive to environmental conditions.  A series of sub-models are being 
developed to attribute changes in environmental conditions to management actions (eg: water 
temperature changes as a result of riparian planting).  A policy evaluation tool is being developed 
to search for optimal policies across a range of spatially and temporally allocated policy actions.  
The policy evaluation tool relies on the lifecycle model to predict population abundance, but 
compares predictions from different actions and looks for optimal outcomes across a range 
possible management actions.  The intended purpose of the modeling environment is to design 
policy options that make best use of resources. 

 
2.3: Salmon Subbasin Integrated Status and Effectiveness Monitoring Project Watershed Model 
– Lemhi River 

 The Integrated Status and Effectiveness Monitoring Project was implemented for two 
primary purposes: 

1. To develop fish and habitat monitoring protocols that explicitly relate changes in fish 
habitat to changes in the freshwater productivity of anadromous salmonids. 

2. To quantitatively evaluate whether habitat restoration actions increase the freshwater 
productivity of anadromous salmonids. 

ISEMP application in the Lemhi River Subbasin is based on a life stage specific Beverton-
Holt model that views freshwater productivity as a function of habitat quantity and quality. 
Section 2.3 of this report describes the habitat restoration actions occurring in the Lemhi, the fish 
and habitat response design developed by ISEMP and its collaborators, and relates those efforts 
to the watershed model. The section concludes with a demonstration of the model outputs; 
identifying how they can be used in the context of BiOp evaluations and prioritization of 
restoration alternatives. 
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2.4  Upper Columbia (Wenatchee and Entiat) spring Chinook salmon  

Upper Columbia life cycle modeling will capitalize on the extensive paste, present, and 
ongoing future monitoring taking place in these basins. The Wenatchee life cycle model is a 
modification to the ICTRT matrix model, and now features the ability to model at the sub-
population level. The Wenatchee basin has five major areas, all different tributaries and 
contribute to the population as a whole. These spawning and rearing areas constitute the majority 
of fish production in the basin, and data indicate that they make differential contributions to the 
population. With the sub-population model structure we will be able to evaluate fish response to 
suites habitat actions at the sub-basin level. Additionally, juveniles exhibit two major life history 
strategies: juveniles that remain in tributaries during most of the rearing period, and those that 
exit the tributaries as subyearlings to rear in the mainstem Wenatchee River. We have begun to 
capture juvenile life history diversity, and plan to fully integrate it in the model in the future. The 
Entiat spring Chinook salmon life cycle model is in development and will be featured in the 
future.  

 

2.5 Population responses of spring/summer Chinook salmon to projected changes in stream flow 
and temperature in the Salmon River Basin, Idaho 

Here we address the imperative to incorporate climate change projections into recovery 
planning and ESA Section 7 consultations. They first identified the specific sensitivity of 14 
populations of Snake River spring/summer Chinook salmon in the Salmon River Basin, Idaho to 
climatic factors.  Second, they clarified the exposure of the focal river basin to change in these 
factors by exploring a wide variety of climate change projections. Finally, they defined the 
vulnerability of a subset of these populations by incorporating sensitivity and exposure in a life-
cycle model of population dynamics. More specifically, to identify population-specific 
sensitivity to particular elements of the climate, they applied state-of-the-art statistical 
approaches. Combining data from PIT-tag juvenile survival studies and long-term monitoring of 
spawners, and ocean and in-river survival, they used a hierarchical modeling framework to 
analyze the impact of freshwater environmental conditions on spawner-to-smolt productivity. 
They identified several functional relationships between survival and temperature and flow that 
were robust to multiple modeling approaches. Specifically, fall stream flow correlated positively 
and mean summer temperature correlated negatively with parr-to-smolt survival in all 
populations. However, the relative importance of these two factors differed among populations. 
In the majority of populations, fall flow predicted a much larger proportion of the variation than 
temperature. However, temperature drove most of the variability in a subset of populations. 
Second, to determine the exposure of these populations to climate change, they explored 1036 
scenarios of environmental conditions. They tested population impacts from two emissions 
scenarios, ten Global Circulation Models, two downscaling methods, three fixed time periods 
(2020s, 2040s and 2080s) and one continuous time series from 1950 to 2098, and two ocean 
conditions.  The climate scenarios all projected increasing summer temperatures and increases in 
both the mean and variability of fall flows. They found that population-specific vulnerability 
essentially depended on whether temperature or flow dominated population sensitivity. 
Extinction risks declined in the populations that benefitted most from rising flows, but increased 
in the more temperature-sensitive populations. They conclude that this approach presents an 
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extremely useful management tool because we can readily quantify the impact of various 
management scenarios in combination with climate change. More work needs to be done, 
however, in three main areas. First, we need a more mechanistic understanding of the impacts of 
flow and temperature to project more confidently outside the range of historical data. Second, we 
need to incorporate environmental drivers of survival in other life stages. Third, we need better 
models of how climate change will affect key aspects of marine producitivity to better 
characterize potential changes in ocean survival, which has a very high impact on population 
viability. 

 

2.7. Yakima River Oncorhynchus mykiss populations 

We reviewed two life-cycle models developed for anadromous and resident Oncorhynchus 
mykiss in the Yakima River basin. The first is a stochastic population dynamics life-cycle model 
that estimates population abundance trends of resident and anadromous O. mykiss in the upper 
basin. This model found that incorporating the contribution of anadromous offspring by resident 
parents allows better prediction of abundance trends over time. The second model is a 
deterministic life-cycle simulation model that examines the influence of temperature and flow on 
growth and survival, and ultimately reproductive success and relative abundance, of steelhead 
and rainbow trout in multiple reaches of the Yakima River basin. This model suggested that the 
spatial distribution of anadromous and resident O. mykiss is in large part determined by 
environmental conditions such as temperature and flow; steelhead trout were dominant in 
tributary sites with lower summer base flows and higher water stream temperatures whereas 
residents were predominant in mainstem reaches where stream channels maintained higher 
summer flows and cooler temperatures. Higher summer base flow levels generally favor resident 
individuals while flow decreases shift a fitness advantage to anadromous individuals. Finally, we 
suggest potential additions to these models to better the effect of environmental factors on 
influencing the decision of a juvenile fish to mature in freshwater as a resident or migrate to the 
ocean as an anadromous fish.  
 

3.1.1: Snake River basin fall Chinook salmon run reconstruction as a basis for multistage stock 
recruitment modeling with covariates 

Multistage stock-recruitment modeling is a useful tool for analyzing population growth 
because it allows for partitioning effects of environment and density dependence among life 
stages.  Presently, there is some evidence for density dependent population growth, but the data 
that provide this evidence are only indices of adult and juvenile abundance.  Ideally, input to 
multistage stock-recruitment models would include measures of annual adult abundance, annual 
juvenile abundance, and covariates that influence population growth.  In this chapter, we briefly 
describe methods in late stages of development for estimating passage abundance of natural 
Snake River basin fall Chinook adults and juveniles at Lower Granite Dam (a.k.a., run 
reconstruction).  We refer to a fish as being of natural origin if it was produced by spawning in 
the wild.  The adult run and juvenile run reconstruction teams include biologists and 
biometricians from the Idaho Power Company, Nez Perce Tribe Department of Fisheries 
Resources Management, NOAA Fisheries, U.S. Fish and Wildlife Service, U.S. Geological 
Survey, and the Washington Department of Fish and Wildlife.  This chapter describes adult and 
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juvenile run reconstruction together for the first time.  Future coordination between teams will 
standardize terminology and methods.  The efforts of these teams will hopefully provide annual 
abundance data for input to two-stage stock-recruitment models in the near future.  The present 
years of interest are 1990!2012 and 1991!2013 for adults and juveniles, respectively.  
Additional out years of data will be added pending data and funding availability. 
 

3.1.2: Life History model for Snake River fall Chinook  
We propose to apply stage-structured life history modeling as a tool to test hypotheses of 

optimal migration strategy in juvenile Snake River Fall Chinook salmon. Specifically, we wish 
to test the hypothesis that spatially explicit differences in habitat have led to increased fitness of 
the yearling life history within the Clearwater River spawning area. 

 

3.2: Methow River Intensively Monitored Watershed: Salmonid Life-cycle Model  
Research, monitoring and evaluation in the Methow River life-cycle modeling program is 

designed to estimate the freshwater productivity of the spawning and rearing environment of 
listed Upper Columbia River spring Chinook and Upper Columbia River summer steelhead. We 
are using a dynamic modeling approach to explore the food web environment of the listed 
species. Data collection from the Methow River and data from the literature are used to 
parameterize the models. Data associated with several, large freshwater habitat improvement 
projects will be used to test and refine (validate) the models. The work is conducted 
cooperatively among many management entities in the framework of an intensively monitored 
watershed.  
 

3.3: Salmon Subbasin Integrated Status and Effectiveness Monitoring Project Watershed Model 
– South Fork Salmon River 

 Application of the Integrated Status and Effectiveness Monitoring Project in the South 
Fork Salmon River (SFSR) focusses on the development of protocols to efficiently measure the 
status and trends of fish populations as a function of status and trends in habitat conditions and 
differing hatchery practices. Generally speaking, habitat restoration actions across the range of 
anadromous salmonid distribution in the SFSR are largely “passive” – defined as changes in 
forestry and mining activities, and remediation of upland impacts from past forestry and mining 
practices (e.g., road decommissioning). Of particular relevance to ISEMP, the SFSR supports 
three populations of spring/summer Chinook salmon, one which is not supplemented (the Secesh 
River), one that is supplemented via an integrated hatchery (the East Fork South Fork Salmon 
River), and one that is subject to de facto supplementation from a mitigation hatchery (the 
mainstem SFSR).  

 A number of monitoring programs provide time-series data on freshwater productivity 
across the three populations of spring/summer Chinook salmon. Section 3.3 of this report 
focusses on how this information, and the contrast in supplementation actions across the three 
SFSR populations, can be used in the ISEMP watershed model to account for changes in 
freshwater productivity attributable to artificial propagation. Given the widely varying influence 



1. Introduction 

 8 

of hatchery actions on freshwater productivity, partitioning these effects is an important 
consideration for BiOp evaluations of the effectiveness of habitat restoration actions. 

1.3 Other areas of focus 
In addition to modeling habitat relationships, we also enhanced modeling capabilities in 

several other areas.  In chapter 4, we present new and updated models for steelhead populations 
based on modeling methods previously developed by the Interior Columbia Technical Recovery 
Team.  In chapter 5, we survey data for both Chinook and steelhead populations to identify 
populations with future modeling potential.  In chapter 7, we expand our analyses of ocean 
conditions, and expand our treatment of the estuary in life-cycle models.  In chapter 8, we 
explore ways to understand and to begin to quantify spatial structure of populations within and 
among ESUs.  In chapter 9, we analyze the impacts of hatchery spawners on wild fish.  In 
chapter 10, we present a tool for forecasting adult returns as an early warning system to predict 
when populations might fall below critical levels in the short term.  Here are brief summaries of 
these sections: 

 

4.1 Life cycle matrix models to evaluate productivity and abundance under alternate scenarios 
for Interior Columbia River basin steelhead populations 

We developed stochastic, density-dependent life-cycle models for eight Oncorhynchus 
mykiss populations of the interior Columbia River basin populations, drawing on existing models 
developed by the Interior Columbia Technical Recovery Team. These simulation models 
evaluated steelhead population abundance and productivity under different scenarios including 
hydropower operation, estuary and early marine survival influenced by climate conditions, 
freshwater habitat survival, later ocean survival, harvest rates, and upstream migration survival. 
Results are forthcoming. 
 

5.1:  Interior Columbia spring/summer Chinook populations: Future modeling possibilities 
This section reviews available data for spring-summer Chinook salmon populations above 

McNary Dam that have not received extensive analytical attention in AMIP life cycle modeling, 
and suggests some potential future monitoring and modeling aimed at uncovering fish-habitat 
relationships for the less-analyzed populations.  

 

5.2. Steelhead populations 
We assembled information about data availability and suitability for life-cycle modeling 

from Oncorhynchus mykiss populations or MPGs in the Interior Columbia River basin. These 
data include smolt and adult data, habitat information, resident O. mykiss information, category 
for life-cycle modeling suitability, and other information. In total we collected data from 30 
populations or MPGs. Sufficient data for successful life-cycle modeling are available for a 
number of these populations.  
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Chapter 6: Hydro Scenarios 
At this time, we have not formally developed hydro scenarios for inclusion in the life-cycle 

models. We plan to convene a working group in the near future to develop a suite of hydro 
alternatives representing a range of points of view. 

 

7.1:  Avian predation and survival in the Columbia Estuary 

This sections provides estimates of avian predation rates and estimates of overall survival 
through the estuary based on acoustic-tag studies.  It is intended to provide information for future 
modeling that will focus on estuary processes. 

 

7.2. Ocean condition models for steelhead 
We updated the annual measures of first-year estuarine and ocean survival (during the third 

year of life), sO1, for Snake River and Umatilla River (middle Columbia River ESU) steelhead 
populations and estimated sO1 values for Yakima River (middle Columbia River ESU) 
populations. We modeled sO1 values for each group using environmental conditions including 
monthly PDO values, monthly upwelling indices, and water travel time (WTT) values. The best-
fit models were used in the life-cycle matrix simulation models to simulate sO1 values under 
alternative environmental scenarios.  

 

Chapter 8: Spatial Analyses 
To date, quantification of spatial structure of interior Columbia salmonids has been 

hampered by lack of data and our ability to characterize inter-population interactions. With 
additional empirical datasets and longer time series, we now have better information on which to 
base our understanding of metapopulation structure. As well, improved analytical techniques 
allow a more comprehensive suite of options for evaluating spatial structure and its drivers. In 
this document, we use multiple complementary models to describe the spatial structure of 
Interior Columbia and Snake River populations of salmon to answer the following questions:  

1. What does our understanding about the spatial structure of populations suggest about 
conservation and management priorities?  
2. What is the spatial coherence among populations over time, and what are the relative 
influences of environmental and demographic drivers?  
3. Can our understanding of population dynamics be improved by considering inter-population 
movement?  

In section 8.3, we use population size, position, and dispersal rates to characterize source-
sink dynamics and evaluate how human activities could alter spatial relationships among 
populations. Next, we use time series of genetic markers (8.4) and spawner abundances (8.5) to 
see if there is statistical evidence for shared trends among populations, how populations cluster 
spatially, and whether relationships can be improved by including environmental covariates. In 
section 8.6, we highlight an analysis that uses coded-wire tags to estimate how stray rates differ 
among species and life history types. We then outline several approaches and initial analyses 
toward modeling metapopulation dynamics (8.7). In most sections, we focus on spring/summer 
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Chinook salmon. We hope to extend these models to evaluate the spatial structure of fall 
Chinook and steelhead populations as data become available.  

 

9.1: Impacts of supplementation on population dynamics of Snake River spring/summer Chinook 
salmon 

Understanding the impacts of supplementation on population dynamics requires 
disentangling the relative reproductive success of wild- and hatchery-origin fish from density 
dependence in population growth rates.  Here we present a novel approach to estimating the 
population-dynamic parameters of wild and hatchery fish spawning in a mixed population. The 
main obstacle to estimating these parameters from typical population monitoring data is that, 
while such data often provide a means of distinguishing wild-origin and hatchery-raised adults 
on the spawning grounds (e.g., by markings, tags, or scale growth patterns), they cannot identify 
the parentage of returning wild-origin fish and thus cannot directly estimate the reproductive 
contributions of the two types of spawners. We use spawner-recruit models that describe total 
natural production as the sum of contributions by wild and hatchery parents, and rely solely on 
the information in typical abundance monitoring datasets. We illustrate this method with data 
from multiple populations of Snake River spring/summer Chinook salmon.  

 

10.1: An age-structured model for probabilistic forecasting of salmon populations 
 An important component of the Adaptive Management Implementation Plan (AMIP) 

under the FCRPS BiOp is the capability to determine when evolutionarily significant units 
(ESUs) reach critically low abundance levels. When ESUs fall tospecified levels, the AMIP calls 
for the Action Agencies, in coordination with NOAA Fisheries, the RIOG, and other regional 
parties to determine what Rapid Response Actions to implement.  In this document, we present a 
forecasting tool that predicts population abundances in the next two years. The tool uses 
historical data (smolt counts and age-specific adult returns) to build a predictive model of adult 
returns rates. The predictive model takes into account how variable ocean conditions affect 
smolt-to-adult survival rates (SARs). The model also fully accounts for the uncertainty in its 
predictions. The primary output of the model is the probability that population abundance will 
fall below certain critical levels over the next two years. Managers can then use this information 
to guide decisions on how to begin to undergo actions in the near future.  

1.4 Metrics 
Although the modeling efforts use a variety of modeling platforms, we will produce 

common metrics that can be compared across populations.  At this point, the suite of metrics has 
not been finalized, and the modeling team will discuss a range of alternatives.  These are the 
response variables used by the ICTRT to assess population status in each of the model runs:   

• Geometric mean (across a single simulated trajectory) spawners.  We reported the mean 
(across simulations) and standard deviation of this statistic.   

• In addition, we also calculated the mean (across simulations) 95% confidence intervals of 
spawner abundances observed within a single trajectory. 
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• Median spawner number.  We chose median spawner number as a reasonable indicator of 
the population equilibrium value and reported the mean and standard deviation across 
simulations. 

• Intrinsic productivity.  We evaluated intrinsic productivity as the geometric mean of 
productivities (recruits per spawner) observed at spawner levels below 50% of median 
spawners as determined with the current climate and hydro scenarios.  We reported the 
mean (across simulations) and standard deviation of this measure. 

• Probability of quasi-extinction.  We calculated the probability that the population would 
fall below 50 spawners for each of four consecutive years.  We calculated this metric for 
simulated trajectories that covered 24, 50, 100 years. 
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In this round of modeling, we will begin using additional metrics of population 

performance.  In particular, we will produce metrics that characterize the general spawner-recruit 
relationship of a population for a particular scenario based on a Beverton-Holt relationship: 

   

where Rt and St are recruits and spawners, respectively, in brood year t, and a and b are model 
parameters.   The parameter a represents maximum productivity (recruits per spawner) at low 
abundance, and a/b represents the maximum asymptotic recruitment.  Several important metrics 
that characterize population dynamics can be derived from these parameters:  

1) A metric characterizing population abundance: Carrying capacity, K, which is the 
equilibrium population abundance where R = S.  This is derived as (a – 1)/b. 

2) A metric characterizing population productivity: Recruits per spawner at low abundance, 
P, with low abundance defined as 0.2K. This is similar to the steepness parameter used in 
fisheries management. 

3) And a metric characterizing variability: !2 is the variance of the data points about the 
fitted relationship. 

We believe that these three metrics, along with initial abundance, will largely determine 
the probability of quasi extinction for a population under a specified scenario.  We will test this 
assumption at a later time. 

To demonstrate this approach, we first produced spawner and recruit data from model 
simulations for a given population and a particular scenario.  We ran several iterations (10) over 
100 years, and then combined all these data together.  We then fit a Beverton-Holt relationship to 
these data with a multiplicative lognormal error term: 

 

This is equivalent to an additive error term after the log is taken on both sides of the 
equation.  Because the data are skewed, this reduces the influence of very large values.  Figures 1 
and 2 present examples based on South Fork Salmon River and Marsh Creek, respectively, with 
historical climate conditions and current hydro.   
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Figure 1.  Model-derived Spawner-recruit data for South Fork Salmon River spring/summer 

Chinook under historic ocean conditions and current hydro with best-fit B-H model (solid 
blue line) and approximate 95% prediction interval. The green horizontal dashed line is 
carrying capacity, K, and the red horizontal dashed line is asymptotic recruitment. The 
green vertical dashed line represents S = 0.2K.   

 

 

 
Figure 2.  Same as Figure 1, but with Marsh Creek spring Chinook. 
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2.2.1:  Grande Ronde Spring Chinook Population Models  

Thomas D. Cooney (NWFSC), Richard W. Carmichael (ODFW), Brian C. Jonasson (ODFW), 
Edwin W. Sedell (ODFW) & Timothy L. Hoffnagle (ODFW) 

0BIntroduction 

The ICTRT (2003) identified 6 historical spring Chinook salmon populations within the 
Grande Ronde River basin in eastern Oregon.  Five populations are extant and one is considered 
functionally extirpated. The populations inhabit tributaries at a range of elevations, ecoregions, 
natural environmental settings and degree of human impact on habitat conditions.  Adult and 
juvenile production and survival have been intensively studied in four of the populations (Upper 
Grande Ronde River, Catherine Creek, Minam River and the Lostine River).  In addition, a 
major study of habitat conditions and related juvenile fish density was initiated in 2011.  The 
combination of the multiple life stage production/survival and habitat monitoring and evaluation 
efforts represents a unique opportunity to develop full life cycle survival models to explore 
hypotheses regarding life stage specific production and survival as well as population responses 
to proposed future management actions.. 
 

The purpose of our efforts was to update and expand the matrix model framework previously 
applied to the Catherine Creek spring Chinook population (ICTRT, 2007) .  Expanded versions 
of the model will be developed for each of the four Grande Ronde basin spring Chinook 
populations described above, incorporating estimates of juvenile abundance, spawner to parr 
survival, juvenile life history pathways and life history specific survival from freshwater 
production areas to to Lower Granite Dam(LGD).  The updated life cycle models are intended to 
address the following objectives:  
 

• Develop corresponding models relating survival and life stage specific capacities to 
habitat conditions in a framework that allows for evaluating potential response to 
projected habitat change.    

• Adapt the model framework to accommodate alternative submodels of hydrosystem 
passage, estuarine, and ocean survival relationships ,and exploitation rates (including the 
range of alternatives being developed in other LCM submodel development tasks).  

• Develop a framework for estimating changes in key habitat parameters that could result 
from major categories of tributary  habitat actions (e.g., flow restoration or augmentation, 
riparian restoration, stream structure restoration or enhancement).   

• Conduct a sensitivity analysis on the resulting life cycle models to illustrate the relative 
effects of incremental change in parr per spawner, parr production and capacity, parr to 
LGD smolt survival, and downstream passage survival parameters on spawner abundance 
and quasi-extinction risk (probability of falling below selected threshold (QET)  levels..    

• Develop a model component designed to simulate the current hatchery supplementation 
program for Catherine Creek and contrast projected spawner abundance, probability of 
falling below QET with and without the supplementation program.  
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This chapter is organized into six sections.  The first section describe the derivation of annual 
estimates of  juvenile stage abundance and survival based on field studies in each of the four 
populations.  The second section describes population specific annual estimates of spawner 
escapement, adult structure and hatchery proportions.  The third section summarizes habitat 
estimates derived from data collected in the Oregon Aquatic Inventory assessments for each 
population and smolt density per habitat unit type generated from the current CHaMP project.   
The fourth section describes the development of stage specific functional survival relationships 
for application to each of the four modeled populations, using the data described in the 
preceeding sections.  The fifth section summarizes the changes to the ICTRT matrix modeling 
framework  to implement the freshwater production functional relationships, provides some 
examples of model output and discusses how independently derived estimates of tributary habitat 
change can be translated into model inputs.  Our ultimate objective is to be able apply the models 
to assess potential population performance relative to two basic questions associated with long 
term recovery and short term risk assessment under given scenarios.  The first question is 
directly aimed at long term recovery objectives: does the population project to be naturally self 
sustaining given the assumptions regarding environmental conditions and action effectiveness in 
a particular scenario?  The second basic question is focused on assessing risks to the population 
under alternative scenarios, including evaluation of short term risks in scenarios that are 
dependent on habitat actions with a relatively long implementation and response period (e.g., 
some types of riparian restoration).  Expanding the models described in this report to include 
components that facilitate assessments of interactions between hatchery supplementation 
programs and natural production will be an important next step.  The last section describes the 
basic approach to addressing the hatchery supplementation module as well as other tasksthat will 
be completed during the ongoing model development stage. 
 
Study Area 

The Grande Ronde River originates in the Elkhorn Mountains at 2,135 m elevation and 
flows northeast 341 km before joining the Snake River at river kilometer (rkm) 272 (253 m 
elevation; Ruzycki et al. 2010).  Spawner surveys were conducted annually along 27.4 km of 
habitat (7.7 km of index reaches) on the Upper Grande Ronde River that began upstream from 
the end of the Forest Service (FS) Road 5138 and continued downstream to the FS Road 51 
bridge, below the town of Starkey.  Since 1996, access has been denied to Vey Meadows which 
encompasses 11.2 km of historical survey reaches, including 8.8 km of index reach.  
Additionally, weir counts of returning adult (and jack) Chinook salmon were initiated in 1996. 
the a weir was  relocated from rkm 307 to rkm 291 near the town of Starkey in 2006. 

 
Originating from the southeastern portion of the Wallowa Mountains at over 2,135 m 

elevation, Catherine Creek joins the historic Grande Ronde River channel at rkm 225, then flows 
an additional 33.8 km before meeting the diverted channel at rkm 191 (817 m elevation).  
Surveys were conducted along 31.7 km (20.0 km of index reaches) on Catherine Creek.  
Included in the survey were tributary reaches on the North Fork Catherine Creek that began at 
the trailhead and the South Fork Catherine Creek that began where Bottle Creek entered and 
continued downstream to the where the North and South forks meet (Forks). Surveys on the 
mainstem Catherine Creek began at the Forks and continued downstream to the town of Union.  
Since 1998, counts of returning Chinook salmon have been made at a weir located 3.2 km 
upstream from Union (rkm 32).  
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Originating in the northwestern portion of the Wallowa Mountains, the Lostine and 

Minam rivers are tributaries to the Wallowa River which joins the Grande Ronde River at rkm 
132 (706 m elevation).  From 2,300 m elevation, they flow north to meet the Wallowa River at 
rkm 42 and 16, respectively.  On the Lostine River, 4.2 km of the total 27.5 km of habitat 
surveyed were index reaches.  Surveys were conducted, where access was granted and suitable 
spawning habitat was present, from Turkey Flat to its confluence with the Wallowa River.  The 
weir is located near the confluence at rkm 1 upstream from the town of Wallowa.  Surveys on the 
Minam River were conducted within the Eagle Cap Wilderness Area and were comprised of 
segments of suitable spawning habitat that totaled 21.0 km (14.2 km of index reaches) and 
included 8.7 km of habitat on the Little Minam River.   
 

1BGrande Ronde River Subbasin Spring Chinook Salmon Data 

13BMethod 

        We determined abundance of juvenile spring Chinook salmon in Catherine Creek and 
Lostine, middle Grande Ronde, Minam, and upper Grande Ronde rivers by operating rotary 
screw traps. For the purpose of this juvenile monitoring, we assume all juvenile spring Chinook 
salmon captured in traps are downstream “migrants”. Migrants include subsmolts that are 
redistributing for rearing as well as smolts that have initiated seaward migration. We assign a 
migratory year to all individuals. The migratory year (MY) is the year that juveniles are expected 
to migrate to the sea.  For Grande Ronde basin Chinook salmon, nearly all juveniles migrate to 
sea at age 1+.  Fish that are collected at our traps from 1 July through  30 June the following 
calendar year are classified as  MY of the June year.. The term “brood year” (BY) refers to the 
calendar year eggs were fertilized. All spring Chinook salmon referred to in this report were 
naturally produced unless noted otherwise. 

 

2BMigrant Abundance 

 
Spring Chinook salmon in each study stream exhibit two juvenile migratory life history 

patterns. Early migrants leave upper rearing areas during fall to overwinter downstream before 
continuing seaward migration the following spring. Late migrants exhibit another life history 
strategy whereby they overwinter in upper rearing areas prior to initiating seaward migration in 
the  spring . Designations of early and late migration periods were based on capture rate trends at 
trap sites. A common period of diminished capture rate occurs at all four tributary trap sites 
during winter and was used to separate fish into early and late migration periods. We determined 
abundance of migrants for both of these periods. 

 
In the Grande Ronde River Subbasin, we sampled at five rotary screw locations. In the 

Upper Grande Ronde River Watershed, one rotary screw trap was located downstream of 
spawning and upper rearing areas in upper Grande Ronde River near the town of Starkey at rkm 
299, and a second trap was located in Catherine Creek downstream of spawning and upper 
rearing areas near the town of Union at rkm 32. A third trap site was located on middle Grande 
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Ronde River downstream of spawning and all rearing areas near the town of Elgin at rkm 160. In 
the Wallowa River Watershed, one rotary screw trap was located below the majority of spawning 
and upper rearing areas on Lostine River near the town of Lostine at rkm 3. A dual trap design 
was employed on Minam River below spawning and rearing areas at rkm 0 and 3 in an effort to 
increase trap efficiency and sample sizes. Although intent was to operate traps continuously 
through the year, there were times when a trap could not be operated due to high or low flows or 
freezing conditions. There were also instances when traps were not operating due to excessive 
debris and mechanical breakdowns. No attempt was made to adjust population estimates for 
periods when traps were not operated. For this reason, estimates represent a minimum number of 
migrants. 

 
Rotary screw traps were equipped with live-boxes that safely held hundreds of juvenile 

spring Chinook salmon trapped over 24–72 h periods. Traps were generally checked daily, but 
were checked as infrequently as every third day when few fish were captured per day and 
environmental conditions were not severe. All juvenile spring Chinook salmon captured in traps 
were removed for enumeration and scanned for PIT tags. Before scanning and marking, fish 
were anesthetized in an aerated solution of tricaine methanesulfonate (40–50 mg/L; MS-222). 
PIT tags were injected manually with a modified hypodermic syringe as described by Prentice et 
al. (1986, 1990) and Matthews et al. (1990, 1992) for fish with fork length (FL) greater than 54 
mm. Syringes were disinfected for 10 min in 70% isopropyl alcohol and allowed to dry between 
each use. A portable tagging station that consisted of a computer, PIT tag reader, measuring 
board, and electronic balance was used to record tag code, fork length (±1 mm), and weight 
(±0.1 g) of tagged fish. Fork lengths (mm) and weights (g) were measured from at least 100 
juvenile spring Chinook salmon weekly. All fish were handled and marked at stream 
temperatures of 16°C or less and released within 24 h of being tagged.  
 

Calculations: Trap Efficiency: Migrant abundance was estimated by conducting weekly 
trap efficiency tests throughout the migratory year at each trap site. Fry and precocious spring 
Chinook salmon were not included in migrant abundance estimates. Trap efficiency was 
determined by releasing a known number of marked fish above each trap and enumerating 
recaptures. Immature parr that exceeded 54 mm in FL were either caudal fin-clipped or PIT-
tagged, whereas fish less than 55 mm in FL were marked with a caudal fin clip only. On days 
when a trap stopped operating, number of recaptured fish and number of marked fish released the 
previous day were subtracted from weekly totals. Trap efficiency was estimated by 
 jjj MRE =ˆ , (1) 

where jÊ  is estimated trap efficiency for week j, Rj is number of marked fish recaptured during 
week j, and Mj is number of marked fish released upstream during week j. 
 

Migrant Abundance: Weekly abundance of migrants that passed each trap site was 
estimated by 
 jjj EUN ˆˆ = , (2) 
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where jN̂  is estimated number of fish migrating past the trap for week j , Uj is total number of 

unmarked fish captured that week, and jÊ  is the estimated trap efficiency for week j. Total 
migrant abundance was estimated as the sum of weekly abundance estimates. 

 
Variance of each weekly N  was estimated by the one-sample bootstrap method (Efron 

and Tibshirani 1986; Thedinga et al. 1994) with 1,000 iterations. Preliminary analysis indicated 
that when less than 10 fish were recaptured in a week, bootstrap variance estimates were greatly 
expanded. For this reason, consecutive weeks were combined when there were fewer than 10 
recaptures until total recaptures were greater or equal to 10 fish. This combined trap efficiency 
estimate was used in the bootstrap procedure to estimate variance of weekly population 
estimates. Each bootstrap iteration calculated weekly *ˆ jN from equations (1 and 2) drawing *Rj
and *

jU from the binomial distribution, where asterisks denote bootstrap values. Variance of *ˆ jN
was calculated from 1,000 iterations. Weekly variance estimates were summed to obtain an 
estimated variance for total migrant abundance. Confidence intervals for total migrant abundance 
were calculated by 
 95% CI V= 1 96. , (3) 

where V is estimated total variance determined from bootstrap.  
 

Catherine Creek, Lostine River and upper Grande Ronde River traps were located below 
hatchery spring Chinook salmon release sites. Magnitude of hatchery spring Chinook salmon 
releases into these streams during spring required modifications to methods used for estimating 
migrant abundance of wild spring Chinook salmon. During low hatchery spring Chinook salmon 
catch periods, traps were operated continuously as described above. During high hatchery catch 
periods, traps were operated systematically for a 1 to 4 h interval using systematic two-stage 
sampling. Systematic sampling reduced handling and overcrowding induced stress, and avoided 
labor-intensive 24 h trap monitoring. 

 
Systematic sampling required estimating proportion of total daily catch captured during 

each sampling interval. This proportion was estimated by fishing the trap over several 24 h 
periods prior to systematic sampling. Number of fish trapped during the 1 to 4 h sampling 
interval and number in the remaining interval within each 24 h period were counted. Proportion 
of total daily catch captured during the sampling interval (i) was estimated by 
 CSP ii =ˆ , (4) 

where iP̂  is estimated proportion of total daily catch for sampling interval i, iS  is total number 
of fish caught during sampling interval i, and C is total number of fish caught throughout the 24 
h sampling periods. 
 

Estimates of trap efficiency could not be obtained during systematic sampling, so trap 
efficiency was calculated using mark–recapture numbers from 3 to 5 d before and after the 
systematic sampling period. Abundance of wild juvenile spring Chinook salmon at each trap 
during systematic sampling was estimated by 
 ( ) EPUN iis ˆˆˆ = , (5)  
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where sN̂  is estimated number of fish migrating past the trap during systematic sampling, iU  is 
total number of fish captured during interval i, iP̂  is proportion of daily catch from equation (4), 
and Ê  is estimated trap efficiency. Total migration abundance estimates for Catherine Creek and 
Lostine and upper Grande Ronde river traps were calculated by summing continuous and 
systematic sampling estimates. 

Variance for sN̂  at each trap during systematic sampling was estimated by one-sample 
bootstrap method (Efron and Tibshirani 1986; Thedinga et al. 1994) with 1,000 iterations. Each 
bootstrap iteration calculated sN̂  from equations (1, 4, and 5) obtaining R and Si from the 
binomial distribution and Ui from the Poisson distribution. Variance of total migrant abundance 
was determined by summing variance from continuous and systematic sampling estimates. 
 
 
Migrant Survival to Lower Granite Dam 
  

Survival probabilities to Lower Granite Dam (i.e., first Snake River dam encountered) 
were estimated using detections of PIT tagged fish at Snake River and Columbia River dams and 
Estuary Towed Array site. Survival probabilities were calculated for summer, fall, winter, and 
spring tag groups.  

 
Summer tag groups consisted of age-0 parr tagged during late summer (typically August 

to early September) in upstream rearing areas. Summer tag groups are comprised of fish that 
emigrated from upper rearing areas either as early or late migrants, and consequently 
overwintered either in lower or upper rearing areas, respectively, before continuing downstream 
migration. Therefore, summer tag groups represented migration timing and survival for the entire 
population. 

 
Summer tag group fish were captured using snorkeling and seining methods whereby 2 to 

3 snorkelers forced parr downstream into a seine positioned perpendicular to flow. Captured fish 
were held in aerated, 19-L buckets and transferred periodically to live cages anchored in shaded 
areas of the stream following tagging. Our goal was to PIT-tag 1,000 parr each in Catherine 
Creek and the Imnaha, Lostine, Minam, and upper Grande Ronde rivers. 

  
Fall tag groups represented early migrants that emigrated from upstream rearing areas 

during fall and overwintered downstream from screw traps. Fish tagged at trap sites from 1 
September through 28 January (typically mid-September through November in most years) were 
designated as early migrants. Early migrants were captured, tagged, and released at screw traps 
on Catherine Creek and Lostine, Minam, and upper Grande Ronde rivers. The goal was to PIT-
tag 500 – 600 fish at each trap throughout the early migration period. 

  
Winter and spring tag groups represented late migrants that overwintered as parr 

upstream from screw traps and emigrated during spring. Winter tag groups were tagged earlier in 
upper rearing areas (typically December) than spring tag groups, which were tagged as migrants 
(typically mid-February through May in most years) at rotary screw traps. Therefore, winter tag 
groups experienced overwinter mortality post-tagging, while spring tag groups did not. Winter 
tag group fish were typically caught, tagged, and released a minimum of 8 km upstream from 
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trap sites to minimize the chance they would pass trap sites while making localized winter 
movements. Fish were sampled using dip nets while snorkeling at night. For winter tag groups, 
the goal was to PIT-tag 500 – 600 fish from Catherine Creek and Lostine and upper Grande 
Ronde rivers. 

  
Spring migrants (i.e., late migrants) were captured, tagged, and released at screw traps on 

Catherine Creek and Lostine, Minam, middle Grande Ronde, and upper Grande Ronde river 
traps. The goal was to PIT-tag 500 – 600 fish at each trap throughout the late migration period. 

 
All captured fish were scanned for PIT tags at all screw traps. Additionally, PIT tag 

interrogation systems were used in juvenile bypass systems at seven of eight Snake and 
Columbia river dams to monitor fish passage. All recaptured fish were identified by original tag 
group, insuring independence of tag groups for analysis.  

 
 
Calculations: Survival Probabilities:  Probability of survival to Lower Granite Dam for 

fish in each tag group was calculated using the Cormack–Jolly–Seber model in program SURPH 
2.2b (Lady et al. 2001). This method takes into account detection probability when calculating 
probability of survival. 

 
Overwinter Survival:  Winter and spring tag group survival probabilities were used to 

indirectly estimate overwinter survival ( S overwintersˆ , ) for late migrants in upstream rearing areas of 
Catherine Creek and Lostine and upper Grande Ronde rivers: 

 
S
S

S
springs

winters
overwinters ˆ

ˆ
ˆ

,

,
, =  (7) 

where S wintersˆ ,  is survival probability to Lower Granite Dam for the winter tag group from stream 
s, and S pringssˆ ,  is survival probability to Lower Granite Dam for the spring tag group from stream 
s. 
 

Smolt Equivalents:  Smolt equivalents are defined as an estimated number of smolts from 
a population that successfully emigrate from a specified area (Hesse et al. 2006). We used early 
and late migrant abundance estimates and subsequent survival probabilities to Lower Granite 
Dam to estimate number of smolt equivalents leaving their respective tributary in spring (

tributarysQ ,
ˆ ): 

 tributarysQ ,
ˆ  = ( )lates

lates

earlys
earlys N
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ˆ
ˆ
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× , (8) 

and number of smolt equivalents reaching Lower Granite Dam ( LGDsQ ,
ˆ ): 

 ( ) ( )lateslatesearlysearlysLGDs SNSNQ ,,,,,
ˆˆˆˆˆ ×+×= , (9) 
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where earlysN ,
ˆ , latesN ,

ˆ  are estimated number of early and late migrants, respectively, from stream 

s, and earlysS ,
ˆ , latesS ,

ˆ  are estimated survival probabilities to Lower Granite Dam for early and late 
migrants, respectively, from stream s. 
 
 
Summer Parr Abundance 

 
We estimated the abundance of parr in late summer in Catherine Creek and Lostine, 

Minam, and upper Grande Ronde rivers. We reconstructed the number of parr present in each 
stream, parrsN ,ˆ  , by estimating how many parr produced the number of smolt equivalents at 
Lower Granite Dam:  

 summersLGDsparrs, SQN ,, ˆˆˆ =  (10) 

where LGDsQ ,ˆ  is smolt equivalents at Lower Granite Dam from stream s from equation (9)  and 
summersS ,ˆ  is the survival probability to Lower Granite Dam of parr tagged in stream s during 

summer as estimated by SURPH 2.2b. 
 

14BNatural Spawner Estimation Methods  

3BMinam River 

 Spawning ground surveys have been conducted once annually in index survey reaches 
since 1954.  The index survey was extended upstream in 1964 to include most or all of known 
mainstem spawning habitat.  Index surveys were conducted in the Little Minam River most years 
from 1954-1975, discontinued in 1975 and resumed in 1992, with additional spawning habitat.  
Multiple pass surveys (three times annually) were conducted in portions or all of the lower 
mainstem beginning in 1987 and in both lower and upper mainstem spawning reaches in 1996 
(Tranquilli et al. 2004).  
 
Spawner Abundance 
 We estimated the total number of redds for each season by summing the number of redds 
observed during all surveys in the lower and upper mainstem of the Minam River and Little 
Minam River.  For years when the Little Minam River was not surveyed, we assumed the 
number of redds in the Little Minam River maintained the proportionality observed for the years 
1992-2005 (mean = 0.26).  To account for spawning that occurred after the index survey in those 
years and reaches where multiple surveys were not conducted, we:  1) summed the area and time 
census survey observations in the Minam River mainstem (1996–2005);  2) summed the area 
first-pass observations and adjusted them upwards with a temporal expansion factor derived from 
subsample observations during second and third pass surveys (1987–1995 in the lower Minam 
River mainstem and 1996–2005 in the upper Minam River mainstem); 3) summed the area first-
pass observations and adjusted them upwards with a temporal expansion factor derived from the 
mean of subsample observations during second and third pass surveys (0.57 in 1978–1985 in the 
lower Minam River mainstem and 0.77 in 1978–1995 in the upper Minam River mainstem); and  
4) assumed that temporal expansion factors applied to the Little Minam River single-pass survey 
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observations were similar to the upper Minam River, based on similar spawning habitat 
conditions due to elevation, temperature and gradient.  
 To convert redds to spawning fish, we assumed each redd represented 3.2 fish (including 
ocean age 1-year jacks) based on the relationship between the number of fish spawning and 
redds observed upstream of the weir for the Imnaha River population over a long time series.   
 
Age Structure by Origin 
 We estimated abundance of progeny by brood year using observed age-at-return from 
analysis of scales collected from carcasses on the spawning grounds.  For years when fewer than 
20 readable scale samples were available from the Minam River, we aggregated scale samples 
from all other populations in the Grande Ronde Basin.  Ages of stray hatchery salmon were 
determined from CWT, scales or length, in that order. 
 
Hatchery Fraction 
 Hatchery fraction was determined from the total numbers of marked and unmarked 
carcasses recovered on spawning ground surveys. 
 
 

4BCatherine Creek   

 Spawning ground surveys have been conducted once per year since 1953 in index survey 
reaches.  Additional surveys were conducted both upstream and downstream of the original fixed 
survey area from 1964–1985, but were not conducted every year.  Beginning in 1986, single pass 
surveys were conducted over the entire known spawning habitat beginning in the North and 
South forks of Catherine Creek and ending in the mainstem in the town of Union.  Additional 
supplemental surveys were conducted in selected index reaches of the spawning habitat from 
1986-1996.  Beginning in 1997, all known spawning habitat was surveyed multiple times.   
  

For years when only index surveys were conducted, we used the mean proportion of 
redds observed in areas outside historical surveys (from 1986-2005 data) to estimate total redds 
at the index survey time.  To account for spawning activity occurring after the index survey 
dates, we calculated temporal adjustment factors for each year multiple surveys were conducted, 
assuming that spawn timing was the same as the mean of the later year-specific estimates. 
 
Spawner Abundance 
 Abundance estimation methods have varied through time.  Prior to 1998, spawner 
abundance estimates were based on redds observed during spawning ground surveys conducted 
annually since 1955.  We estimated the total spawners each year by multiplying total redds by an 
estimated 2.23 spawners per redd, the mean since operation of the weir and mark-recapture 
estimates have been made in Catherine Creek.  From 1998 to present, total escapement has been 
estimated based on weir counts of jacks and adults, mark-recapture estimates of adults, and redd 
counts.  Escapement above the weir was the sum of the known number of fish captured and 
subsequently passed above the weir and an estimated number of untrapped fish, determined from 
mark-recapture estimates of adults.  Weir efficiency was determined from the ratio of trapped 
adults to the estimated total adults above the weir and applied to the number of trapped jacks to 
provide an estimate of total jacks above the weir.  The estimated escapement below the weir was 
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determined by first calculating an estimate of the number of fish per redd above the weir and 
applying this ratio to the observed number of redds below the weir.  Redd counts were expanded 
to account for any areas not surveyed.  Spawner escapement was the sum of the estimated 
escapement above and below the weir minus pre-spawn mortalitiy estimates  Pre-spawn 
mortality was derived from female carcass information collected on spawning ground surveys 
and was the ratio of female carcasses containing more than 50% of their eggs to the total 
observed female carcasses.  
 
 Since 2010, we have estimated jack returns above the weir, using a Lincoln-Petersen 
mark-recapture estimate in years when enough jacks were passed and recovered above the weir.  
If there were too few jacks passed above the weir for a mark-recapture estimate, we expanded 
jack carcass recoveries by 50%, the mean adult carcass recovery rate for that year.  To estimate 
jacks below the weir, we multiplied the ratio of jacks to adults trapped at the weir by the below 
weir adult estimate.  The total spawner estimate for Catherine Creek was the sum of the above 
and below weir adult and jack estimates. 
  
Age Structure by Origin 
 Salmon are apportioned into brood year cohorts, by origin, to estimate age structure of 
recruits.  Spawners of natural-origin were determined by the absence of a CWT or fin mark.  
Prior to 1998, age structure of natural-origin spawners on spawning grounds was determined 
from carcass recoveries when sufficient sample sizes were available (n U>U20).  Age was 
determined by scale analysis, if available, or age-at-length relationships.  If insufficient sample 
sizes were available, age structure was determined from all carcasses recovered in the Grande 
Ronde Basin.  From 1998-present, age of natural-origin spawners determined from scales 
collected from fish trapped at the weir or recovered as carcasses on the spawning grounds.  Age 
of hatchery salmon was determined from CWT, if present, or scales.  Any salmon (either origin) 
from which scales or CWT was not collected had age determined from its length measurement. 
 
Hatchery Fraction 
 Prior to 1986, the hatchery fraction was 0%.  From 1986-1994, the fraction of total 
spawners of hatchery-origin was calculated based on the results of discriminant scale analyses 
and observations of coded wire tags (CWTs) or fin clips from recovered carcasses.  The 
estimated hatchery fraction from 1995-1997 (1996?) was based on recoveries of carcasses during 
spawning ground surveys that were more than 50% spawned.  From 1998 to present, the 
proportion of adult hatchery-origin fish on the spawning grounds was based on total spawner 
estimates and observations of CWTs or fin clips from recovered carcasses. 
 

5BUpper Grande Ronde River 

 In the Upper Grande Ronde River, index surveys were conducted as early as 1955.  
However, there is considerable uncertainty in estimates prior to 1964 due to incomplete records 
of the extent of stream miles surveyed.  The date of index surveys during 1964-1996 varied, 
ranging from 1 September to 28 September.  Extensive surveys began in 1986 below the historic 
index sections.  From 1986-1994, the extensive section survey was conducted at the same time as 
the index area.  After 1994, the portion of the index areas in Vey Meadows was either not 
surveyed or surveyed only during a supplemental survey.  In addition, beginning in 1997, the 
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portion of Chinook salmon using the extensive area may have been influenced by the 
construction of a weir below the index area.  For these reasons, only the 1986-1994 data were 
used to develop a spatial expansion factor to apply to years when extensive surveys were not 
conducted.  The spatial expansion factor was calculated as the proportion of redds in the index 
area to total redds in both index and extensive areas. 
 
 Supplemental surveys were conducted from 1986 to present in either the entire index area 
or a consistent portion of it and were used to develop a temporal expansion of redd counts for 
years prior to 1986.  Because the start date of index surveys from 1964-1986 varied, an unbiased 
expansion factor was developed to account for variation in start dates in these years, using the 
1986-2005 data to calculate the proportion of redds observed in the index area on the index date 
to total redds in the same area after supplemental surveys for each year data were available.  
These proportions were plotted against survey date (day of year) and a regression line fitted, 
which was then used to temporally expand redd counts in years when supplemental surveys were 
not conducted. Some of the 1964-1986 survey dates were beyond the dates used to develop the 
regression and we did not want to extrapolate our regression to estimate redds.  For this reason, 
we applied the regression to expand redd counts only if the index date was prior or equal to 3 
September (1965, 1977, 1981, and 1986).  We did not attempt to temporally expand redd counts 
for years when surveys were conducted after this date because little additional spawning occurs.  
From 1986-1996, in areas where supplemental surveys were done on only a portion of the index 
section, the year-specific temporal expansions were developed to expand redd counts for the 
portion of index section surveyed only once.  Total redds were estimated by applying the spatial 
and temporal expansion factors, where applicable.  We estimated total spawners each year by 
multiplying total redds by an estimated 3.2 spawners per redd, derived from spawner per redd 
studies on the Imnaha River.  
 
Spawner Abundance 
 Abundance estimation methods have varied through time.  Prior to 1997, spawner 
abundance estimates were based on redds observed during spawning ground surveys conducted 
annually since 1955.  We estimated the total spawners each year by multiplying total redds by an 
estimated 2.23 spawners per redd, the mean since operation of the weir and mark-recapture 
estimates have been made in Catherine Creek.  From 1997-present, total escapement has been 
estimated based on weir counts of jacks and adults, mark-recapture estimates of adults, and redd 
counts.  Escapement above the weir was determined from mark-recapture estimates of adults.  
Weir efficiency was determined from the ratio of trapped adults to the estimated total adults 
above the weir and applied to the number of trapped jacks to provide an estimate of total jacks 
above the weir.  The estimated escapement below the weir was determined by first calculating an 
estimate of the number of fish per redd above the weir and applying this ratio to the observed 
number of redds below the weir.  Redd counts were expanded to account for any areas not 
surveyed.  Spawner escapement was the sum of the estimated escapement above and below the 
weir minus pre-spawn morts.  Pre-spawn mortality was derived from female carcass information 
collected on spawning ground surveys and was the ratio of female carcasses containing more 
than 50% of their eggs to the total observed female carcasses. 
 
 Since 2010, we have estimated jack returns above the weir, using a Lincoln-Petersen 
mark-recapture estimate in years when enough jacks were passed and recovered above the weir.  
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If there were too few jacks passed above the weir for a mark-recapture estimate, we expanded 
jack carcass recoveries by 50%, the mean adult carcass recovery rate for that year.  To estimate 
jacks below the weir, we multiplied the ratio of jacks to adults trapped at the weir by the below 
weir adult estimate.  The total spawner estimate for the Lostine River was the sum of the above 
and below weir adult and jack estimates. 
 
Age Structure by Origin 
 Salmon were apportioned into brood year cohorts, by origin, to estimate age structure of 
recruits.  Spawners of natural-origin were determined by the absence of a CWT.  Prior to 1997, 
age structure of natural-origin spawners on spawning grounds was determined from carcass 
recoveries when sufficient sample sizes were available (n U>U20).  Only fish that were more than 
50% spawned were used in estimates.  Age was determined by scale analysis if available or 
length-age relationships.  From 1997-present, age of spawners has been determined from fish 
trapped at the weir and carcasses collected on the spawning grounds.  Scales were used for 
natural salmon, CWTs for hatchery salmon and length-age relationships for any salmon for 
which neither scales nor CWT were available. 
 
Hatchery Fraction 
 Prior to 1986, the hatchery fraction was 0%.  From 1986-1994, the hatchery fraction of 
total spawners was calculated based on the results of discriminant scale analyses and 
observations of fin clips and coded wire tags (CWTs) on fish from carcass recoveries. The 
estimated hatchery fraction from 1995-1997 was based on recoveries of carcasses during 
spawning ground surveys that were more than 50% spawned.  Hatchery-origin was determined 
by the presence of a CWT.  From 1998-present, the hatchery fraction of spawners was based on 
total spawner estimates and the proportion of hatchery-origin fish determined by the presence of 
an adipose fin clip observed at the weir or recovered on the spawning grounds.  
 
Lostine River 
 Spawning ground surveys have evolved over time to become more expansive spatially 
and temporally since initial index surveys were conducted in 1952.  Until 1985, index surveys 
were conducted once yearly in only a portion of available spawning habitat.  Although these 
surveys were scheduled to take place following peak spawning, they were not total estimates of 
redds because they did not account for spatial and temporal variability.  Spatial and/or temporal 
expansion factors were later developed, using 1988-2005 survey data, to expand redd counts for 
years when no supplemental surveys were conducted.  The spatial expansion factor was 
calculated as the ratio of redd counts in the index areas to total redd counts in the combined 
index and extensive areas.  In some years, however, small sections of extensive areas were not 
surveyed and redds needed to be estimated before calculating an expansion factor.  We estimated 
the number of redds in unsurveyed sections by first calculating the ratio of redds in that section 
to redds in the adjacent upstream section for years when data were available then multiplied the 
mean ratio by the redd count in the upper section to estimate redds in the unsurveyed section.  
After accounting for all missed sections, spatial expansion factors were calculated as described 
above.  The mean spatial expansion factor from 1988-2005 was used in years when no extensive 
surveys were conducted.  
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 Beginning in 1986, surveys were expanded to account for spatial and temporal variability 
by conducting extensive and supplemental surveys.  Extensive area surveys covered nearly all 
possible Chinook salmon spawning areas of a stream and were conducted on the same date of the 
index survey.  One or more supplemental surveys were conducted at approximately one week 
intervals following the initial index survey.  Initially, supplemental surveys were conducted in 
index areas only but have evolved to cover entire spawning areas. 
 
 For years when supplemental surveys were not conducted, redd counts were first 
expanded spatially by dividing index counts by a year-specific spatial expansion factor.   The 
mean temporal expansion factor was used to expand the estimate temporally.  For years when 
only index counts were conducted, mean spatial and temporal expansion factors were used to 
estimate total redds.  From 1996-2005, when both extensive and supplemental surveys were 
conducted on all areas, redd counts represented a census inventory of spawning and no 
expansions were necessary.   
 
Spawner Abundance 
 From 1997-2000 and 2009-present, total escapement in the Lostine River was estimated 
based on weir counts of jacks and adults, mark-recapture estimates of adults and redd counts.  
Escapement above the weir was estimated using a Lincoln-Petersen mark-recapture estimate 
calculated from the known number of adults and jacks passed above the weir and the numbers of 
these and all salmon that were recovered as carcasses on the spawning grounds.  The number of 
untrapped adults above the weir was determined from mark-recapture estimates of adults.  Weir 
efficiency was determined from the ratio of trapped adults to the estimated total adults above the 
weir and applied to the number of trapped jacks to provide an estimate of total jacks above the 
weir. Escapement above the weir was the sum of the total trapped and estimated untrapped fish. 
The estimated escapement below the weir was determined by first calculating a fish per redd 
estimate above the weir and applying this ratio to the observed number of redds below the weir.  
Total fish in the river was the sum of the estimated escapement above and below the weir.  Total 
spawners were estimated by multiplying an estimated pre-spawn survival rate to the estimated 
total fish in the river.  Pre-spawn survival was the ratio of spawned out female carcasses to total 
observed on spawning ground surveys.  Female carcasses containing greater than 50% of their 
eggs were considered pre-spawn mortalities. 
 
 NPT reported that some members of their hatchery production staff had inaccurately 
recorded weir data from 2001-2008.  Therefore, to estimate the numbers of adult (age 4-5) 
hatchery and natural salmon above the Lostine River weir, we used two sets of non-weir data 
that were known to be reliable:  1) a mark-recapture estimate that was calculated using spawning 
ground survey carcass recoveries and 2) weir data for 2008 that was reconciled by NPT research 
biologists using data known to be reliable (Peter Cleary, NPT Biologist, personal 
communication). 
 

The methodology for estimating hatchery and natural escapement to the Lostine River for 
the 2008 return year differed from previous years.  This change in methodology was a direct 
result of the inaccurate weir data from 2001-2008.  To reconcile the data, ODFW and NPT 
research biologists developed an approach for calculating escapement to the Lostine River.  We 
have adjusted estimates to the Lostine River from 1997-present using the following methods.  
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First, we calculated an adult estimate above the weir using a Lincoln-Petersen mark-recapture 
estimate and divided this estimate by the total number of redds above the weir.  This adult/redd 
estimate from above the weir was multiplied by the number of redds below the weir to estimate 
adult spawners below the weir.  To estimate age 3 (jack) returns above the weir, we used a 
Lincoln-Petersen mark-recapture estimate in years when the data were believed to be reliable and 
enough jacks were passed and recovered above the weir.  If the number of jacks passed above the 
weir was believed to be incorrect or there were too few jack recoveries for a mark-recapture 
estimate, we expanded jack carcass recoveries by 50%, the mean adult carcass recovery rate for 
that year.  To estimate jacks below the weir, we multiplied the ratio of jacks to adults trapped at 
the weir by the below weir adult estimate.  The total spawner estimate for the Lostine River was 
the sum of the above and below weir adult and jack estimates. 

 
To partition the origin (i.e., hatchery or natural), age, and sex of Chinook salmon returns 

to the Lostine River from 1997-2000, we applied the origin, age, and sex data from fish trapped 
at the weir and from non-opercle marked Chinook carcass recoveries on spawning ground 
surveys.  For 2001-2008, the years of inaccurate weir data, we used carcass recoveries from 
spawning ground surveys to partition the origin, age, and sex of spawners above and below the 
weir. 
 
Age Structure by Origin 
 Age structure of adults of natural-origin on spawning grounds was determined from 
carcass recoveries when sufficient sample sizes were available (n U>U20).  Adults of natural-origin 
were determined by the absence of a fin clip and CWT.  Only fish more than 50% spawned were 
used in estimates.  Age was determined by scale analysis and length-age relationships. 
 
Hatchery Fraction 
 The estimated total spawners include hatchery and natural-origin fish.  Prior to 1986, the 
hatchery fraction was 0%.  From 1986-1994, the fraction of total spawners that were hatchery-
origin fish was calculated based on results of discriminant scale analyses and observations of fin 
clips and coded wire tags (CWTs) on recovered fish.  The proportion of total adult spawners of 
hatchery-origin for years 1995-2005 was derived from carcasses recovered during spawning 
ground surveys that were more than 50% spawned and observations at the Lostine River weir 
(1997-2005).  Hatchery-origin was determined by the presence of a fin clip and CWT. 
 

15BDistribution and Abundance of Geomorphic Channel (Habitat) Unit Types and Associated 
Chinook Summer Parr Densities in Four  Population  in the Grande Ronde River Basin 

Introduction 
 

Our objectives were to determine the total amount of available summer rearing habitat 
and to estimate late summer Chinook parr density by channel unit type within the current 
Chinook spawning and rearing distribution within Catherine Creek, Upper Grande Ronde River, 
Minam River, and the Lostine River. To determine the amount of available habitat within each 
population, we combined Oregon Department of Fish and Wildlife (ODFW) and United States 
Forest Service (USFS) aquatic inventory surveys beginning at the weir and smolt trap location on 
each river continuing upstream to the end of current Chinook spawning and rearing distribution. 
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Channel unit types were partitioned into three categories: pools, runs, and fastwater (combined 
riffle and rapids). The fastwater category was necessary as the USFS does not distinguish 
between riffle and rapid channel unit types in their aquatic inventory surveys.  
 

The second objective was to determine the density of late summer chinook parr by 
channel unit type.  We used the Columbia Habitat Monitoring Program (CHaMP) sites  snorkel 
survey data to estimate distribution and abundance at both the site and channel unit scale. Within 
each site we measured the area of each channel unit, estimated number of chinook and steelhead 
parr. We calculated the average parr density(per square meter) by channel unit type; from these 
data we  determined the ratio of parr density among pools, runs, and fastwater channel unit types. 
We  also calculated an “absolute” parr density per unit type by taking the estimated total number 
of summer parr produced, the relative unit type parr densities, and the estimated total quantity of 
habitat per unit type.  
 
Methods 
 
Study Area 

This analyses assesses salmonid habitat in four major tributaries in the Grande Ronde 
Basin, Catherine Creek, and the upper Grande Ronde, Lostine and Minam Rivers. (Figure 1).  
Habitat surveys have been conducted throughout a majority of the current  spawning and rearing 
habitat utilized by Chinook salmon within the four populations during the last 20 years.  
Although surveys were conducted on many streams in the Grande Ronde basin in which 
steelhead and Chinook spawn and rear, the primary phase of this study focuses on habitat within 
the current Chinook salmon spawning and rearing distribution upstream from current  smolt trap 
locations in Catherine Creek and the Upper Grande Ronde, Lostine, and Minam rivers.   

 
 
 
 
Habitat Surveys 

To capture the full extent of habitat condition and type within the current Chinook 
spawning and rearing distribution in the Grande Ronde River basin, we relied on data collected 
by both the ODFW’s Aquatic Inventories Program (Moore et al. 2008) and the USFS Pacific 
Northwest Region’s Level II Stream Inventory. Development of an Aquatic Inventories Project 
began within the ODFW in 1989 with sponsorship by the Restoration and Enhancement 
Program. Drafting of stream survey methods and implementation of field work began in 1990. 
The conceptual background for this work came from the experience of project staff and from 
interactions with Oregon State University, forest industry, and USFS PNW research scientists 
(Bisson et al. 1982, Grant 1986, Everest et al. 1987, Hankin and Reeves 1988, Moore and 
Gregory 1989, and Gregory et al. 1991). . 

 
Both ODFW and USFS protocols provide quantitative information on habitat condition 

for streams throughout Oregon and the Pacific Northwest. This information is used to provide 
basic information for biologists and land managers, to establish monitoring programs, and to 
direct or focus habitat restoration efforts. These protocols are hierarchal in nature and the 
methodology was designed to be compatible with other stream habitat inventories and 
classification systems (i.e., Rosgen 1985, Frissell et al. 1986, Cupp 1989, Ralph 1989, USFS 
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Region 6 Level II Inventory 1992, and Hawkins et al. 1993). This compatibility is achieved by 
systematically identifying and quantifying valley and stream geomorphic features. The resulting 
matrix of measurements and spatial relationships can then be generalized into frequently 
occurring valley and channel types or translated into the nomenclature of a particular system. For 
example, information summarized at the reach level (valley width, channel type, slope, terrace 
height and width, sinuosity, width, depth, substrate, eroding banks, etc.) can be used to 
characterize the stream into one of the types described by Rosgen (1985) or to match the 
parameters collected in other quantitative (USFS) or historic (U.S. Bureau of Fisheries) surveys.  

 
The CHaMP protocol (Bouwes et al. 2011) is more or less the same as both the ODFW 

Aquatic Inventories Program and the USFS Pacific Northwest Level II Stream Inventory. 
Differences in the CHaMP protocol from the other two are technical in nature, where data is 
collected at a discrete site location with bankfull width determining the site length (20 times 
bankfull width); whereas the ODFW and USFS protocols are continuous surveys. Other 
differences include using topographic survey equipment to map the stream contours and develop 
a digital elevation model of the site. This can be combined with the River Bathymetric Toolkit to 
produce a number of metrics such as sinuosity, width-to-depth profiles, and more. For the 
purposes of this study, the focus is strictly on the spatial distribution and abundance of 
geomorphic channel units. 
 

Channel geomorphic units are relatively homogeneous lengths of the stream that are 
classified by channel bed form, flow characteristics, and water surface slope. The identification 
of channel units provides the context for the survey of fish habitat attributes and channel 
topography. With some exceptions, channel geomorphic units are defined to be at least as long as 
the active channel is wide. Individual units are formed by the interaction of discharge and 
sediment load with the channel resistance (roughness characteristics such as bedrock, boulders, 
and large woody debris). Channel units are defined (in priority order) based on characteristics of 
(1) bedform, (2) gradient, and (3) substrate, and are delineated according to a two-tiered 
hierarchical classification schema. 
 
UTier I Channel Units 

The first tier of channel unit classification distinguishes between fast water turbulent 
(rapids and riffles), fast water non-turbulent (runs and glides), and slow water units (pools). Fast 
Water Turbulent channel units are topographical high points in the bed profile that feature 
moderate to steep gradients, coarse substrate, and tend to have broken, white- capped waves and 
are “noisy”. The bedform of these channel units may lack longitudinal or lateral concavity. 

 
Fast Water Non-Turbulent channel units are topographical high points in the bed profile 

that feature low gradients, variable substrate composition, and smooth laminar flow. Fast water 
non-turbulent units often have low slope similar to pools but are distinguished from pools by 
their overall homogeneity and lack of structure and concavity. These channel units are generally 
deeper than riffles with few major flow obstructions and low habitat complexity. 

 
Slow Water channel units are used to classify a variety of very low gradient pool and off 

channel unit types. These units are generally topographical low points in the channel profile, 
feature smooth laminar flow, have longitudinal concavity, and have fine or sorted substrates. 
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Slow water channel units that lack the properties of a pool are classified as fast water non-
turbulent. 

 
UTier II Channel Units 

Following delineation into Tier I unit types, Fast Water Turbulent channel units are 
classified into riffles, rapids, cascades, and falls. These units are separated from one another 
along a progression of increasing water surface gradients, dominant substrate size, flow 
turbulence, and bedform irregularity. Fast Water Non-Turbulent channel units are not further 
classified, and are simply Non-Turbulent channel units known as runs or glides. Slow Water 
units are classified into scour pools, plunge pools, dammed pools, and beaver pools.  
 

ODFW characterizes geomorphic channel units based on water surface slope for each 
group of habitat unit types. However, channel bed form and flow characteristics are the primary 
determinant of unit classification.  
UPools (water surface slope always zero) 

• Plunge Pool: Formed by scour below a complete or nearly complete channel obstruction (logs, 
boulders, or bedrock). Substrate is highly variable. Frequently, but not always, shorter than the 
active channel width. 

• Straight scour Pool: Formed by mid-channel scour. Generally with a broad scour hole and 
symmetrical cross section. 

• Lateral scour Pool: Formed by flow impinging against one stream bank or partial obstruction 
(logs, root wad, or bedrock). Asymmetrical cross section. Includes corner pools in meandering 
lowland or valley bottom streams. 

• Trench Pool: Slow flow with U or V-shaped cross section typically flanked by bedrock walls. 
Often very long and narrow with at least half of the substrate comprised of bedrock. 

• Dammed Pool: Water impounded upstream of channel blockage (debris jams, rock landslides). 
• Beaver dam Pool: Dammed pool formed by beaver activity. In most cases this will be preceded 

by a SD (step-over-beaver dam). 
 
UGlides (Runs) 

• Glide: An area with generally uniform depth and flow without surface turbulence. Very low 
gradient; 0-1 % slope. Glides may have some small scour areas but are distinguished from pools 
by their overall homogeneity and lack of structure. Generally deeper than riffles with few major 
flow obstructions and low habitat complexity. There is a general lack of consensus regarding the 
definition of glides (Hawkins et al. 1993). 

 
URiffles 

• Riffle: Fast, turbulent, shallow flow over submerged or partially submerged gravel and cobble 
substrates. Generally broad, uniform cross section. Low gradient; usually 0.5-2.0% slope, rarely 
up to 6%. Low gradient bedrock is considered a rapid (see Rapids below). 

• Riffle with Pockets: Same flow and gradient as Riffle but with numerous sub-unit sized pools or 
pocket water created by scour associated with small boulders, wood, or stream bed dunes and 
ridges. Sub-unit sized pools comprise 20% or more of the total unit area. 

 
URapids 

• Rapid with protruding Boulders: Swift, turbulent flow including chutes and some hydraulic jumps 
swirling around boulders. Exposed substrate composed of individual boulders, boulder clusters, 
and partial bars. Moderate gradient; usually 2.0-4.0% slope, occasionally 7.0-8.0%. 
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• Rapid over BedRock: Swift, turbulent, "sheeting" flow over smooth bedrock. Sometimes called 

chutes. Little or no exposed substrate. Moderate to steep gradient; 2.0-30.0% slope. Low gradient 
bedrock, similar to a riffle, is considered “RR”. 

 
 
UCascades 

• Cascade over Boulders: Much of the exposed substrate composed of boulders organized into 
clusters, partial bars, or step-pool sequences. Fast, turbulent, flow; many hydraulic jumps, strong 
chutes, and eddies; 30-80% white water. High gradient; usually 3.5-10.0% slope, sometimes 
greater. 

• Cascade over BedRock: Same flow characteristics as Cascade over Boulders but structure is 
derived from sequence of bedrock steps. Slope 3.5% or greater. 

 
USteps 

Steps are abrupt, discrete breaks in channel gradient. Steps are usually much shorter than 
the channel width. Steps can separate sequential units of the same type. For example, small steps 
(<0.3m hi gh) that separate pools may be important features in very low gradient reaches and 
should be recorded as individual habitat units. Low steps (<0.3m high) in moderate to high 
gradient reaches formed by gravel and small cobbles on the face of transverse bars can usually be 
included in the next fast water unit upstream. 
Steps are classified by the type of structure forming the step. 

• Step over Bedrock (include hardpan and clay steps) 
• Step over Boulders 
• Step over face of Cobble bar 
• Step over Log(s) (natural pieces, including branches and root wads) 
• Step created by Structure (man-made structures, including culverts, weirs, artificial dams, habitat 

structures) 
• Step created by Beaver Dam 

 
The USFS Level II Stream Inventory protocol classifies channel units only to tier I, 

whereas channel units are further classified into the Tier II unit classification that the ODFW 
Aquatic Inventories and CHaMP protocols use. For this study to remain consistent among all 
three channel classifications, we defined the channel unit or habitat type at the Tier 1 level. 
However, if need be, we can classify channel units to the Tier II channel unit scale, but we could 
only use CHaMP and ODFW data sets as the USFS data do not classify channel units any further 
than Tier I. 
 
Fish Surveys 

Single pass snorkel surveys were completed in the UGRR sub-basin from July to September, 
2011and 2012.  Protocols followed White et al. 2011.  Briefly, one or two snorkelers (side by 
side) began the survey at the bottom of site and attempted to identify, enumerate and estimate 
size class of all Chinook salmon and steelhead observed while moving upstream.  Size classes 
were set to reflect length-at-ages for each species (Chinook salmon: <80mm = Age 0, 100+mm = 
Age 1+; steelhead: <70mm = Age 0, 70 – 130mm = Age 1, 130 – 200mm = Age 2, 200 – 250mm 
= Age 3, 250+mm = Age 4+).  The size categories for Chinook juveniles were based on length 
histograms from previous surveys, where a majority of  parr sampled were either young of the 



2.2.1 Grande Ronde Chinook Population Models 

19 
 

year (less than 80mm) or were a year old (greater than 100mm) and very few chinook parr 
sampled were found to be in the interval in-between the two observational groupings.   No 
attempt was made to differentiate resident from anadromous O. mykiss, and all were classified as 
steelhead.  Also, the relative abundance of all fish taxa observed was estimated as dominant 
(>50% of all fish observed), common (10 – 49%) or rare (<10%).  Fish data were collected by 
habitat unit number and type, which was determined during the CHaMP habitat surveys (Bouwes 
et al. 2011).  These habitat units were measured (length x width) using a laser rangefinder during 
the survey to calculate wetted channel area of each unit.  All pools were surveyed (or attempted 
in small streams), while runs and fast water units were often subsampled (large sites) or not 
sampled (small, shallow streams).  Fish density was weighted by the proportion of wetted 
channel observable by the snorkelers.  For example, if a snorkeler could observe an estimated 
50% of the wetted channel and associated density estimates were doubled. 
 
Data Analysis  
 Habitat data from ODFW and USFS datasets were combined by each major river at the 
Tier I classification. Average area in square meters, total area in square meters, and the number 
of each channel type was calculated for slow water (pools), fastwater non-turbulent (runs), and 
fastwater turbulent (riffles, rapids) above fish weirs and smolt traps for the upper Grande Ronde, 
Minam, and Lostine rivers. In Catherine Creek, channel units were summarized in three sections: 
Section 1- Pyles Creek to the 10th Street diversion in Union; Section 2 – 10th St. to the Weir; 
Section 3 – Weir to end of current Chinook spawning and rearing in North and South Forks of 
Catherine Creek (Figure 2). 
 
  In Catherine Creek and the upper Grande Ronde River, metrics calculated for snorkel 
surveys included: total count of Chinook and steelhead, fish relative density for the whole reach, 
fish relative density per tier I habitat unit area (total and by size/age class). 
 
Results 

 Summary tables of the Tier I channel habitat unit types for all four major rivers along 
with summarized Chinook parr densities for the upper Grande Ronde River and Catherine Creek 
are  inTables 1 – 6. 

 

 

 6BJuvenile Production and Survival Relationships 

We used the population specific juvenile abundance estimates described in the previous 
section and summarized in appendix A)  to derive stage based juvenile production relationships 
for incorporation into life cycle models.  As a starting point, we compared the annual estimates 
of juvenile abundance at different life stages to the estimated number of parent spawners by 
brood year and population (Figure 3).     
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16BMethods 

Juvenile spring/summer Chinook prefer low gradient reaches with deep pools for summer 
rearing ().  In addition, adult spring/summer Chinook redds are generally concentrated in gravels 
associated with pool habitats.  We used the results from a systematic survey of pools, fastwater  
and run habitat units in Grande Ronde basin tributaries (Oregon Dept. of Fish and Wildlife 
Aquatic Inventory assessment described above) along with the relative density to construct 
estimates of the equivalent amount(common unit) of pool habitat supporting the estimates of 
juvenile production from each population.     
 

We standardized the each juvenile abundance data sets for each population to a common 
unit of habitat for two basic reasons; to facilitate developing and evaluating estimates of 
population production and survival at the aggregate population level and to explore general 
relationships between habitat conditions and juvenile production that might be common across 
the populations. 
 
UFlow and Temperature Indices 
 

Studies  of juvenile survival relationships in the nearby Middle Fork Salmon River basin 
(Crozier et al. 2008, Crozier et al. 2010) indicated that parr to smolt survivals can be strongly 
influenced by flow and temperature conditions in the natal stream reach.  We developed indices 
of annual flow and stream temperature for the spawning and rearing reach above each of the 
juvenile trap sites.    
 

Annual stream flows in Grande Ronde tributaries generally peak in May or June and 
decrease to relatively low levels by early August.  We calculated two indices of summer flow 
conditions for use in the statistical analyses of the population specific stage survival 
relationships: September flows during the spawning and initial incubation stage and the average 
August and September flows one year after spawning, corresponding to the conditions 
encountered during the initial year of freshwater rearing.  In each case we standardized the 
population specific data series to facilitate comparisons across populations by dividing the 
individual year estimates by the average flow for the series.     
 

Estimates of monthly maximum and minimum air temperatures for the above weir 
reaches used for spawning and rearing were downloaded from the PRISM climate group website 
( prism.oregonstate.edu).  The estimates are available in a continuous grid format with a cell 
resolution of 4 by 4 kms. We averaged temperatures across cells along the river reaches 
identified by ODFW as current use for chinook salmon.  We intend to incorporate more direct 
measurements or reach specific modeling extrapolations of stream temperature as they are 
compiled or generated through the ongoing habitat studies in the basin.  
 

 Stream flow data for the four populations were downloaded from the Oregon Water 
Resources Dept website: HUhttp://apps.wrd.state.or.us/apps/sw/hydro_report/ UH.  Stations were 
Catherine (13320300), Minam (1332000), Upper GR (13317850) and Lostine(1333000).   
 
 
 

http://apps.wrd.state.or.us/apps/sw/hydro_report/
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USpawner to summer parr survival  
 

Parent spawner estimates were generated by ODFW for stream reaches upstream of the 
rotary screw trap sites in each population  (see above for description of methods).  We assumed 
negligible spawning below the juvenile screw trap sites in three of the four systems.  In 
Catherine Creek, redds have been detected below the trap sites in several study years.  We 
developed production relationships for the reaches above the weir site standardized to 10,000 m2 
of  pool habitat (Oregon Aquatic Inventory data set described above) as described above for all 
four populations.  For each population, we expressed the results as an AQI index of pool 
equivalent habitat by applying the relative weights for pool, run and fastwater areas.  We used 
the resulting population totals to standardize spawner and parr densities to a common unit of 
habitat. For Catherine Creek, we estimated an additional expansion factor to account for the use 
of habitat below the weir site for spawning and early rearing.   
 

We fit Beverton Holt relationships to AQI standardized annual estimates of spawner 
escapement and summer parr production using the nls package in R. We assumed a lognormal 
error structure and weighted age 5 parent spawners by 1.26 (ICRT, 2007) to account for higher 
fecundity. We fit a function to the aggregate data set combining all four populations as well as to 
each individual population.    
 
     lnRS ~ a - log(abs(1 + (exp(a)/b) * AgewtAQSpawners) 
 
    AgewtAQSpawners= (1.26*age5prop+(1-age5prop) * Spawners(brdyr,population) 
 
 
         We addressed parameter uncertainty in the fitted model parameters by generating a set of 
1000 replicate paired estimates of the Beverton Holt a (natural log parr per spawner) and b 
(asymptotic parr capacity) using the nlsboot bootstrap estimation routine in R.   
 
 
 
 
 
USummer parr to spring migrant survival 
 

A portion of the juvenile Chinook rearing in each of the four Grande Ronde study 
populations emigrates downstream in the fall to overwinter before initiating seaward 
outmigration  the  the following spring.  The remainder stay upstream to overwinter, with the 
survivors emigrating in the spring.   As described in section 2.2.1 above, ODFW estimates the 
total number of fish in both components using mark recapture calibrated smolt trapping.  PIT tag 
based survival estimates from the smolt trap to Lower Granite Dam are also generated.  ODFW 
also pit tags a study group in the upstream natal area following the emigration of virtually all of 
the fall migrants to enable an estimate of upstream overwintering mortality.   The combination of 
tag groups represents an unique opportunity to evaluate survival for large time segments within 
each of the two major pathways, but there are time windows that are not directly covered.  For 
example, survival between summer parr stage and the fall migration (peak in October) and 
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winter parr in natal reaches is not directly estimated for either group.   We made a simplifying 
assumption, that survival from spring migration from downstream overwintering areas to Lower 
Granite Dam was the same as the estimated survival to Lower Granite Dam for the natal 
overwintering group passing the smolt trap in the spring.  This allowed us to estimate the total 
number of smolts leaving the tributary (survivors from the fall downstream re-distribution and 
the spring outmigration from the natal rearing areas).      This approach allows us to relate the 
potential effects of environmental conditions, hatchery actions and localized habitat actions to a 
finer scale than assuming a single survival factor covering overwintering, outmigration and 
mainstem downstream migration to Lower Granite Dam.   We considered framing juvenile life 
stages in more detail, using the estimates of fall migrant and winter natal area parr survival.  
Incorporating that level of detail requires making some assumptions about monthly mortality 
rates between the stages with direct abundance estimates.  For example, survival and abundance 
estimates can be generated for fall migrators and winter parr.  Summer parr estimates are 
generated based on sampling in August, fall migrants generally peak in mid October and winter 
parr estimates are extrapolated from pit tags applied as late as December.  Survival from summer 
parr to either of these stages is not directly estimated.   Assuming that each of these pathways is 
subject to similar downstream mortalities is generally supported by patterns in survivals across 
tag groups in the Grande Ronde.  Incorporating path specific assumptions regarding mortality 
from summer rearing to fall migration and to December for the natal rearing group would require 
assumptions regarding the timing of summer parr to spring survival by both groups.   
 
USmolt migrant to Lower Granite Dam survivals 
 

We assumed the estimated survival from the lower tributary smolt traps to Lower Granite 
Dam for spring migrants applied to the group that emigrated to overwinter downstream of the 
smolt traps.  Based on that assumption, we estimated the number of fall emigrants surviving to 
the spring migration window by dividing the estimated survival of fall emigrants tagged at the 
smolt trap by the spring trap to Lower Granite Dam survival estimate.  Given that assumption, 
the sum of the fall migrants discounted for spring to Lower Granite Dam survival and the spring 
migrants estimating passing the trap represents the population surviving to spring emigration.  
This approach makes an implicit assumption that overwintering mortality is the same for both the 
upstream and downstream groups.  We evaluated relationships between fish length, 
environmental conditions and stage survivals as part of evaluating the potential level of density 
dependent growth and survival in these systems. 
 
USmolt to adult return rates (SARs) 
 

We derived estimates of migration year specificl smolt to adult return (SAR) rates for 
each of the populations using the annual estimates of natural origin smolts arriving at Lower 
Granite Dam and  adult spawners for each population.  We generated estimates of returns from 
each smolt outmigration year by breaking out the run year estimates of natural origin adult 
spawners by age and adding up the 3, 4 and 5 year old returns from each smolt year (brood year 
plus two).  We applied annual age composition estimates for each population stored in the 
Salmon Population Summary database to break out the annual returns by age.   The smolt 
production estimates for Grande Ronde populations provide an opportunity to compare more 
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Habitat area (X 10,000 m2)

Catherine 
Creek

 
Grande 
Ronde 
River

Lostine 
River

Minam 
River

Relative 
Density 
Index

Pools 7.613 9.646 3.482 15.536 1.00
Runs 1.199 2.019 4.603 5.367 0.35
Fastwater 18.454 72.718 29.764 72.718 0.24

Total 27.266 84.383 37.849 93.621

Weighted 
Total 12.44 27.69 12.21 34.77

direct estimates of juvenile production and annual SARs with the aggregate SAR based 
reconstructions used in the 2007 ICTRT matrix modeling analysis(ICTRT, 2007).   
 

The life cycle models developed for Snake River Chinook populations in the ICTRT 
matrix modeling effort assumed that the estimates of aggregate Snake River natural origin 
spring/summer chinook SARs applied to each population.   Parr production functions specific to 
each population were derived through a two step process.  First, estimates of migration year 
smolt production were generated by reconstructing brood year natural origin returns to Lower 
Granite Dam.  The return totals were translated into corresponding estimates of migration year 
parr by dividing the annual totals by population specific estimates of recent average summer parr 
to Lower Granite smolt survival derived from PIT tag studies.   

17BResults 

 
UStandardized Habitat Estimates 
 

The amount of habitat associated with current levels of spawning and summer rearing 
differed considerably across the four Grande Ronde chinook population tributaries.  We 
standardized each of the four data series to spawner and summer parr per 10,000 m2 of pool 
habitat using estimates from the ODFW Aquatic Inventory (AQI) surveys (Table 9).   
 
 
Table 9.  Amounts of tributary spawning and rearing habitat in reaches used for spawning and 
juvenile rearing above juvenile weirs.  Based on estimated area of pool, run and fast water 
habitat multiplied by relative parr density observed in 2011 and 2012 snorkel surveys. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UFlow and Temperature Indices 
 

There were consistent differences in patterns of flow and temperature conditions across 
the four populations (Figure 4).   The Catherine Creek and Upper Grande Ronde study reaches 
have lower summer flow and higher summer maximum temperature index values.   The Lostine 
and Minam reaches are subject to higher flow levels and lower average maximum summer air 
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Model
BH 'a'                 
(se) exp(a)

BH 'b'                 
(se) sigma

Four population aggregate 6.164 475 16,890 0.448

Catherine Creek 6.31 549 17,840 0.516
(0.258) (5,162)

Upper Grande Ronde River 6.313 551 7077 0.439
(0.351) (5,269)

Lostine River 6.019 411 27,300 0.400
(0.175) 16,629

temperatures than either the Upper Grande Ronde or Catherine Creek current natural production 
reaches.  There are are relatively strong negative correlations between flow levels and maximum 
monthly summer air temperatures for the Minam and Lostine data sets.   
 
We compared summer parr per spawner ratios (standardized to 10,000 m2 AQI habitat) against 
the flow and temperature indices and against parent spawning densities (Figure 5).  Except for a 
significant relationship to spawner densities, there was no significant trend in parr per spawner 
for the indices.  However the population estimates did group at relatively distinct temperature 
levels.   
 
 
USpawner to summer parr survivals 
 

The aggregate summer parr production function is depicted in Figure 6.  We used the 
nlsboot routine in R to generate a data set of 1000 iterations of the fitted a and b parameters.  We 
stored the resulting combinations of and b parameters for use in the matrix model. The point 
estimate for the BH productivity parameter was 475 for the aggregate population and ranged 
from 411 to 551 smolts per spawner for the individual population analyses.  The point estimate 
of parr capacity per 10,000m2 of pool equivalent habitat was 16,980, ranging from 7,700 to 
27,300 for the individual populations.  
 

The estimates of productivity, asymptotic parr capacity and the residual standard 
deviation are summarized in table 10. The aggregate and population specific fitted relationships 
are contrasted against each population data set in Figure 7.  Each of the population data sets is 
dominated by low to moderate parent escapement levels relative to the range of escapements 
observed since the early 1950s, with very few data pairs  within the higher escapements in the 
range   The resulting fitted curve is representative of the production relationship with the range 
of recent escapements.  It is uncertain how the the weighting to lower escapement levels affects 
the projected shape of the fitted relationship at higher escapement levels.  
 
Table 10 .   Beverton Holt parameters fitted to ODFW 1992-2010 annual adult spawning and 
parr abundance estimates. Spawner and parr estimates were standardized to 10,000m2 pool 
equivalent habitat.  Parameters generated using the R statistical package nls routine.  
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USmolt emigrant to Lower Granite Dam 
 

As noted above, downstream juvenile emigration from the natal reach principally occurs 
in the fall and in the subsequent spring.  Fall migrants pass the trap in September through 
November, peaking in mid-October.  ODFW compiles length frequency estimates on the fall 
emigrants, winter parr sampled above the weirs after the fall emigration and the spring migrants 
at the trap.  

 
The proportion of the estimated population migrating downstream to overwinter below 

the migrant traps in each population area varied annually, but did not appear to be a function of 
summer parr density, juvenile length, summer temperature or flow.   The average annual ratio of 
fall migrants to summer parr did vary across populations.  The Upper Grande Ronde and the 
Minam had the lowest average ratios (0.12 and 0.19 respectively).  Catherine Creek had the 
highest (0.37) followed by the Lostine (0.29).   The ratios could be influenced by a number of 
factors including placement of the migrant traps relative to habitat types, etc.  

 
Mean lengths of the fall emigrant and the winter parr are similar (Figure 9a), supporting 

an assumption that the fall movement is not size specific. A comparison between annual paired 
estimates of mean length for the fall and spring groups indicates that the size differential changes 
most substantially in years when average fall lengths are reduced (Figure 9b).  Possible 
explanations for the patterns in change in length would include differential mortality for the 
smaller size groups and/or higher growth rates for smaller fish during the winter and early spring 
period.  
 

Both fall and spring length frequencies are strongly related to summer parr density 
(Figure 10), indicating the potential for density dependent effects at recent spawning levels.   
 

We compared annual estimates of survival from summer parr to Lower Granite Dam 
against summer parr density, summer temperatures and relative flow levels. Survival from the 
summer parr stage to Lower Granite Dam declines as a function of summer parr abundance.  We 
applied a logit transform and analyzed the resulting series against the density and environmental 
indices.  Survival was most consistently related to parr abundance (Table 11, Figure 12). 

 
The Summer parr density term was significant for Catherine Creek, Minam River and Lostine 
River data series,and not significant for Upper Grande Ronde River.  Summer maximum stream 
temperatures and flow levels were not significant in the analyses and were not included in 
generating the fitted estimates. 
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Table 11.  Population specific survival function parameters for summer parr to spring smolt and 
spring smolt to Lower Granite Dam smolt stages.   
 

Population Stage Intercept 
parr density 

term 
signif. 
Level sigma 

Catherine Cr. 
summer to 
spring -0.419 -9.58E-05 0.0003 0.360 

Upper GR 
summer to 
spring 0.478 -1.96E-04 0.0584 0.386 

Lostine R. 
summer to 
spring -0.749 -4.23E-05 0.0011 0.165 

Minam R. 
summer to 
spring -0.482 -1.15E-04 0.0043 0.307 

      
      Catherine Cr. spring to LGR -0.199 -2.56E-05 0.2180 0.288 
Upper GR spring to LGR -0.484 8.72E-05 0.0575 0.173 
Lostine R. spring to LGR 0.839 -2.67E-05 0.1940 0.332 
Minam R. spring to LGR 0.566 -4.42E-05 0.0094 0.137 

 
 
 
 
 
USmolt to adult return rates (SARs) 
 
We generated population specific annual smolt to adult return rates based on the estimated 
number of smolts surviving to Lower Granite Dam and the estimated number of spawner adults 
(measured as age 4 and 5 spawners to the natal tributary).   We compared the resulting SARs 
against the run reconstruction based aggregate Snake River natural run used in the previous 
matrix modeling study (ICTRT, 2007).   
 
 
Table 12.  Comparison of geometric mean smolt to adult survival rates (SAR) calculated annual 
smolt production estimates generated in this study with annual estimates based on the aggregate 
Snake River natural run. Direct estimates of SAR include expansions to incorporate brood stock 
removals and prespawner mortalities.  Aggregate SAR is calculated as survival from smolts at 
Lower Granite Dam.  
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  Slope Logit(slope) (se) Resid(logit R^2(adj)
Catherine Cr 0.756 1.13 0.05 0.7189 0.9758
Upper GR 0.725 0.97 0.06 1.119 0.9302
Lostine 0.756 1.08 0.04 0.5171 0.8852
Minam 0.756 1.13 0.06 0.671 0.9796

Aggregate 0.746 1.078 0.03 0.806 0.9671

Population Brd Yrs
Years of 
estimates

LGR Aggregate 
Run SAR     
(range )

Population 
Specific SAR  
(range )

Catherine Cr. 1993-2004 12 0.0127 0.204
(.003-.037) (.007-.066)

Upper GR 1992-2004 10 0.0104 0.0173
(.003-.037) (.0014-.026)

Lostine R. 1995-2004 9 0.0175 0.0211
(.004-.020) (.008-.067)

Minam R. 1999-2004 6 0.0089 0.0185
(.003-.037) (.006-.0311)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The geometric mean estimates and the ranges were similar between the two methods ( Table 12). 
We evaluated the assumption that annual estimates of aggregate SAR were proportional to the 
direct SAR using a zero intercept regression analysis  (Figure 15, Table 13).   The direct 
estimates were, on average, approximately 75% of the aggregate annual values.  While the 
regressions were highly significant, there was a high level of annual variation about the 
relationship.   
 
Table 13, Results of regessions of  smolt to adult return rates based on population specific smolt 
and adult return data vs. aggregate SAR estimates (run reconstruction methodology).  
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7BLife Cycle Models for Grande Ronde Chinook Salmon Populations 

We expanded the tributary habitat life stage component of the basic life history matrix 
model used for the 2007 ICTRT matrix model assessments, retaining the components 
representing downstream and ocean life stages.   However, we plan to update the downstream 
and ocean life stage survival relationships in the future versions.  A summary of major model 
components highlighting the changes is provided in Table 14.  We used results and insights from 
long term juvenile assessment and monitoring studies in the Grande Ronde basin (e.g., Favrot et 
al. 2010) to partition the parr to Lower Granite Dam component in the original model into finer 
scale components that reflect the range of alternative life history patterns found across Interior 
Columbia spring and summer Chinook populations, incorporate population specific life stage 
specific production and survival as well as habitat quantity  (Figure 16).   
 

We designed the expanded juvenile life stages in the model to accommodate a range of 
potential habitat change scenarios.  Changes in habitat conditions that can be related to stage 
specific survival and/or capacity are input into the model through a set of multipliers.  We 
describe a simple set of methods for generating inputs below.  The model can accommodate 
inputs generated by other more detailed and specific methods if those estimates are available for 
a particular population.  This approach relies on a separate estimation of potential habitat 
changes resulting from a particular action.   The model can accommodate habitat change inputs 
in two ways.  The simplest version implements the potential changes in stage survival or capacity 
as a multiplier on baseline levels.  Given the fact that the model generates trajectories in annual 
time steps, the effect of habitat actions can also be implemented as a change schedule reflecting a 
proposed implementation timing plan as well as lags between implementation and realization of 
habitat benefits.  We describe methods for generating either type of inputs below.   
 

There are ongoing hatchery supplementation programs directed at the Catherince Creek, 
Upper Grande Ronde and Lostine populations.  We are developing a version of the model 
framework that incorporates the broodstock management rules in place in each of those systems.  
Those rules determine annual broodstock removal rates and therefore the number of hatchery 
fish on the spawning grounds.  At this point the current version of the Grande Ronde matrix 
model can only be used to evaluate the potential for natural sustainability and the associated 
demographic risks in the absence of ongoing supplementation.    
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18BTable .   
19B

 

  2012 Grande Ronde Matrix Model 2007 Matrix Model Next Steps

Parr production 
Fitted BH function to combined four population 
data set standardized to a common unit of 
habitat (10,000 m2 pool) 

Derived from adult brood year return 
series,aggregate Snake River natural origin SAR 
average summer parr to Lower Granite

Consider using alternative Bayesian 
statistical approaches to fitting population 
production functions, etc. 

Parr stage Variability
BH parameters drawn from bootstrap 
distribution,   Annual variation same as 2007 
applications(lognormal). 

Annual variation drawn from lognormal 
distribution generated in fitting the parr 
production function

Parr to smolt survival

Population specific fitted survival functions.  
Two stages: summer parr to spring migrant, 
spring migrant to Lower Granite Dam .  
Lognormal annual variation derived from fits.

Average for summer parr to LGR PIT tag series

Incorporate updates to link overwintering 
and/or spring outmigration survivals to 
environmental factors if ongoing studies 
indicate it would be warranted. 

Hydrosystem survival: model 
structure  

System survival updated to correspond to 
juvenile abundance years in analysis (1994-2009 
migrations)

System survival, averages from

Incorporate updates  as needed to 
accommodate alternative assumptions 
linking current or potential hydros 
scenarios to stage survivals 

Estuary/Early Ocean survival same as matrix model(2007)

Stochastic function fit to  Snake River aggregate run 
data series, incorporates water travel time, PDO 
and upwelling indices.  Three scenarios 
(historical,current, 'bad ocean')

Breakout into separate estuary and early 
ocean components if warranted based on 
progress in ongoing analyses

Bonneville to basin Upstream 
passage survival

same as matrix model(2007) Recent average

Harvest
Incorporates current U.S. v Oregon abundance 
driven sliding scale

Constant harvest rate (base period average)
Incorporate tributary harvest schedules if 
applicable

Adult ocean survival .8 per year .8 per year

Maturation schedule
Population specific. Generated using cohort 
analysis with recent average age structure

ESU average

Age 5 fecundity factor 1.26 1.26
Prespawning survival rate 0.9 0.9
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20BDetailed Model Description 

USpawner to Lower Granite Smolt Stages 
 

We modeled spawner to Lower Granite smolt production as a three stage process using the relationships 
described above for each step.  The production relationships are expressed in terms of standardized habitat 
common units based on current Oregon Aquatic Habitat Inventory estimates. We incorporated the 
standardization step to facilitate comparisons of density dependent effects across populations and to set up the 
model to be able to accommodate a range of possible tributary habitat change scenarios.  For example, the 
model can differentiate between the effects of habitat change that would be projected to increase survival per 
unit of habitat from increases in relative productivity that might accrue from increasing the amount ofl high 
quality habitat available  to the population to support spawning and rearing.  The steps in estimating naturally 
produced smolts at Lower Granite from a given spawning escapement in year(i) are: 
 

For each time step in a trajectory, the model passes an estimate of spawners arriving in the tributary to the 
juvenile submodel. The starting year escapement for all model runs for a particular population is input as part of 
the setup routine.   
  

1. Standardize  production to a common unit (10,000 m2 of pool equivalent habitat).  Convert spawners(yr i) 
to spawners per AQI unit by dividing by the number of AQI units in the current population. 

2. Calculate parr produced from AQIspawners(yr i) using the fitted aggregate Beverton and Holt production 
function .  

a. The model generates ns# of replicate runs of length nt# years for each scenario ( for example, 400 
replicate runs, each of  125 years duration).  For each replicate run in a set, we drew a pair of 
Beverton Holt a and b parameters from the bootstrapped distribution of the fitted parr production 
function (Figure  6).  We applied that set for the duration of the run, multiplying the projected parr 
by an error term drawn from a lognormal distribution (standard deviation from the fitted parr 
production model).  

3. Calculate parr to spring emigrant survival as a function of parr (yr[i]) density using the fitted logistic 
function specific to the population. 

4. Calculate the spring emigrant to Lower Granite Dam survival as a function of summer parr density(yr[i]) 
using the fitted logistic equation specific to the population. 

a. Apply a error term drawn randomly from a lognormal distribution with a mean of 0 and a standard 
deviation equal to the fitted survival relationshipfor the population. 

5. Calculate the number of smolts surviving to Lower Granite Dam from parr production in year[i] by 
multiplying estimated summer parr produced per AQI habitat unit in year [i] by the composite survival 
from parr to spring migrant and spring to Lower Granite Dam estimated in steps 3 and 4.  

6. Multiply AQILGR smolts(yri) by the population AQI index to expand to a population level estimate.    
7. Proceed through the subsequent stages using the population total LGR smolts. 

 
USmolt to adult stages 
 

We used the same climate input data series for each of the ocean scenarios (historical, current, Bad 
PDO) as in the 2007 matrix modeling analysis.  We adjusted each of the annual s3 estimates from those series 
to reflect the average proportional relationship between direct estimated SAR and the aggregate series (see 
above).   
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Description    2007 Matrix Report       CSS(2011) Values

Scenario
Base     
(1980-2001)

Current    
(1997-2000)

UPDATED 
Current    
(1997-2008)

In-river Surv. 0.338 0.496 0.547
%Transported 0.625 0.775 0.698
D mean 0.526 0.508 0.637
D std (ln) 0.281

system surv 0.436 0.504 0.606

 
 
 
 
Hydrosystem 

We have followed general framework from the 2007 TRT matrix model report for the example  
prospective runs described below.  The examples were run with updated current hydrosystem survivals 
expressed as system survival for the time period corresponding to the data series used for reconstructing the 
juvenile production and brood year return data sets described above.  The updated estimates of hydropower 
survival were calculated using current estimates of in-river survival, percent transported and effective D 
summarized  in 2011 CSS study report.  
 
Table 15. Hydropower system survival estimates. Note: this will be updated to reflect results of hydropower model components 
under development through the LCM process (see chapter  6 in this report) 

 
 
 
 
 
 
 
 
 
 
 

The prospective model runs included in this chapter were run with annual system survival estimates 
drawn from distribution defined by 1997-2008 migration year mean and standard deviation (lognormal).  These 
values are placeholders to demonstrate the model incorporating more detailed tributary habitat components.  
The hydropower modeling component will be updated to reflect improved capabilities for modeling the 
potential impact of alternative hydropower scenarios on juvenile survivals.   
 
 
Harvest  

Grande Ronde spring Chinook are harvested in mainstem Columbia River fisheries managed based on 
estimates of aggregate returns (e.g., WDFW, 2012).  Annual harvest rate limits are set based expected 
abundance using a  harvest schedule.  We implemented the current schedule in this version of the model.  We 
added a component to the model representing total aggregate natural production.  At each annual step in a 
simulation run, an estimate of the aggregate natural origin run was generated based on the average climate input 
draw corresponding to the outmigration year for the 4 and 5 year old returns. We incorporated a error term 
representing the year to year variation in in-season vs. post-season returns for the aggregate natural run and the 
associated uncertainty .   
 
Hatchery 

At this point the current version of the Grande Ronde matrix model can only be used to evaluate the 
potential for natural sustainability and the associated demographic risks in the absence of ongoing 
supplementation We have been developing a component to model the  targeted supplementation programs in 
place for three of the four Grande Ronde model populations, that effort is an immediate priority and is discussed 
in the next section.   
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Tributary Habitat Changes 
 

We have included pathways for inputting multipliers for increased capacity and increased stage survival 
into the present model code.  Increasing transition survival between life history stages can be input as a simple 
multiplier on stage abundance.  For example, the juvenile monitoring studies indicate a relatively high level of 
mortality associated with migration through the Grande Ronde Valley for smolts originating from Catherine 
Creek or the Upper Grande Ronde populations.  Assuming that an action to reduce that mortality is identified 
and its relative impacts are estimated, the proportional change in survival can be directly input into the model as 
a multiplier on the composite summer parr to Lower Granite smolt survival function.  
  

Increases in the relative amount of habitat supporting spawning and parr production resulting from 
improving habitat conditions through flow enhancement, temperature reduction or spatial structure 
improvements are translated into an increase in the amount of standardized AQI habitat, increasing the 
multiplier for each population.  For example, the Catherine Creek population currently occupies approximately 
12.4 standard AQI units.  Increasing the amount of pool equivalent habitat that also meets temperature 
requirements would proportionally increase this total.  The production dynamics components of the model 
operate at the level of a unit of standardized habitat.  So the parr stage density dependent influences on the two 
subsequent downstream stages are preserved at that level.  The effect of increasing the total amount of 
functional rearing habitat is accommodated when the total spawners for each model return year are converted to 
a per AQI unit estimate, and when the results of the sequential survival functions are converted back from AQI 
units to total population production at the Lower Granite Dam smolt stage.    
 

This modeling approach is designed to accommodate alternative methods for estimating the potential 
impact of habitat actions or climate change on stage specific capacity and survival.  Approaches that are 
currently applicable for generating inputs into the current version of the model would include the use of relative 
production estimates from a set of reference reaches representing current and potential habitat conditions. Or 
applying a simple rule set based on a ‘binning’ parr capacity (or relative density) and survival estimates based 
on relationships from previous studies.  That approach would rely on empirically based relationships between 
flow, temperature, stream structure and pool habitat to roughly quantify increases in functional habitat.   That 
approach could incorporate data being generated through the detailed temperature and habitat condition 
sampling and  modeling being developed through the ongoing Grande Ronde/Catherine Creek habitat study.  
Potential habitat changes estimated at a reach level equivalent to our AQI index units (10,000m2 of pool 
equivalent habitat) or greater would be the most consistent with the level of specificity in this model 
implementation.   
 

In some cases there may be a desire to evaluate opportunities to restore natural production in areas that 
are currently unoccupied and located some distance from current production areas.  Two examples would be the 
Indian Creek and associated mainstem habitats located at the downstream end of the Catherine Creek 
population and perhaps the Meadow Creek drainage in the Upper Grande Ronde population.  Given the 
separation of these areas from current production, it would not be appropriate to treat them as part of a single 
panmictic spawning and rearing area within the model.  We have adapted the basic population model to 
accommodate multiple production areas within a population. If implemented, the model calculates juvenile 
production separately for each subarea through migration to Lower Granite Dam on the mainstem Columbia 
River.  The annual smolt production is then summed, proportional contributions by area are calculated and 
stored.  The total smolt run is passed on through subsequent stages.  Brood year specific adult returns to the 
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tributary are reallocated to the separate production areas using a distribution function.  The default ruleset is 
based on the ICTRT dispersal by distance function.   
 
Example Model Results 
     Summaries of model outputs from initial runs of the full life cycle model for each population are provided in 
Attachment C.  Note: The example runs were done with a previous version of the functional relationships 
described in this report.  Corrections to the habitat data sets for the Upper Grande Grande Ronde River have 
changed the standardized estimates for each population. The changes will not likely affect the relative values in 
the appendix, but absolute estimates of abundance and risk may change.   Three different climate scenarios 
were run for each population.  Each run consisted of 400 separate 105 year trajectories.  The summaries include 
median and mean spawning escapements across the 400 runs at years 25, 50 and 100 along with projected 
quasi-extinction risks for the same time periods.  An additional set of runs contrasting the projected effects of a 
10% increase in survival vs. a 10% increase in parr capacity is also included.    Conducting additional 
sensitivity analyses contrasting the sensitivity of the model to incremental increases in other life history stages, 
comparing population specific inputs vs. the aggregate smolt production function and contrasting inputs with 
and without AQI habitat standardizing are near-term priorities. 
 
In general, the initial runs are consistent with population status assessments.  Catherine Creek had the highest 
projected quasi-extinction risks and lowest median abundances relative to the Minam and Lostine populations.  
The comparison of the impact of a 10% increase in survival vs. parr capacity projects that each incremental 
increase would translate into small but measurable (in terms of model performance) improvements in 
abundance and reduction in projected quasi-extinction risk.  The relative improvement resulting from the 
incremental change in survival is higher than from an equivalent percent change in parr habitat capacity.   
 
Next Steps 
 

An immediate task will be to develop model runs demonstrating the potential impact of habitat 
improvement opportunities on projected abundance and risk.  That effort will involve translating potential 
habitat changes from a representative set of habitat action scenarios into changes in life stage survival and/or 
parr capacity and model the resulting impacts on population abundance and risk over time.  We are continuing 
to coordinate with the CRITFC scientists developing the alternative version of a Catherine Creek life cycle 
model (section 2.2.3).   That effort includes a more detailed submodel intended to directly link landscape scale 
habitat conditions and strategies to fish performance.  There are several potential advantages to analyzing 
selected habitat scenarios with both detailed and a simple habitat models.  For example, relating differences and 
differences in projected responses to the same habitat scenarios could provide insights that will lead to 
improvements in either approach.  Contrasting the projections from the simple model against the more detailed 
version may inform interpretation of the simpler approach in other basins where it is not possible to apply the 
more detailed version.  Working in tandem to develop representive habitat change scenarios should improve the 
applicability of results from either model to current management questions and restoration planning 
opportunities.    
 
 

Ongoing hatchery supplementation programs directed at the Catherine Creek, Upper Grande Ronde 
River and Lostine River populations.  Each of those programs is designed to supplement natural spawning with 
returns reared in a hatchery and released in the target population.  Each program incorporates a portion of the 
natural origin returns to the population tributary into the hatchery broodstock.  Broodstock removal rates and 
target supplementation levels are established in a set of guidelines specific to each program.   We are 
developing a version of the model framework that incorporates the broodstock management rules in place in 
each of those systems.  Those rules determine annual broodstock removal rates and therefore the number of 
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hatchery fish on the spawning grounds.  A major objective of each of these targeted supplementation programs 
is to provide for maintaining the local stock in the face of the high short term demographic risks faced by these 
populations under current habitat and climate conditions.  One application of life cycle models that are capable 
of modeling hatchery interactions will be to explore the effect of alternative hypotheses regarding relative 
productivities of supplemented vs. unsupplemented populations and other potential impacts related to 
broodstocking and the operation of the supplementation hatchery program.  The supplementation hatchery 
component will be designed to at a minimum accommodate assumptions regarding relative fitness generated 
from ongoing studies in the basin, hypotheses generated based on multi-population comparative analyses (e.g. 
Chapter 8 in this report) and inferences based on comparisons with reference streams.   
 

The model code will be adapted as necessary to accommodate modeling alternative hydropower 
operations and/or hypotheses regarding juvenile survival, smolt to adult return rates and first year ocean 
survival.  Those alternatives may include separating lower river and estuarine survivals from the aggregate early 
ocean stage currently included in the model framework.   The potential revisions or additions will include 
updating the multifactor analyses of early ocean survival relationships to reflect the addition of survival and 
environmental indices for the years since the original analyses were conducted.   

As described above, the updated Grande Ronde population matrix model expresses tributary juvenile 
stage survival and capacity as a function of density dependent functions standardized to a common unit of 
habitat (10,000 m2 AQI pools).  Changes in habitat conditions projected for particular actions can be translated 
into impacts on the population by expressing the impact of those changes on spawner and parr capacity or on 
survival between stages.  Future iterations of the model may include some procedures for calculating those 
inputs, at the present time they must be calculated outside of the model framework and input as modifiers.  
Results from the more detailed Catherine Creek model may serve this function.   
 

A major near term objective for the modeling effort will be to continue the development relationships 
between specific environmental variables or factors and the stage specific survival and capacity terms in the 
current model.  This effort will build on existing and ongoing Grande Ronde habitat monitoring and evaluation 
efforts including SEM modeling, reach temperature modeling etc.  Results from the ongoing CHaMP sampling 
program may support refining the habitat density relationships incorporated into current model inputs, 
potentially increasing the ability of the model to address the potential impacts of proposed actions accounting 
for more detailed habitat characteristics in targeted reaches.  Depending on the relationships elucidated in those 
efforts, modifications to the model inputs or the structure of stage specific relationships may be needed.   

The survival analyses used to generate the survival and capacity relationships in the current model 
included annual estimates of prespawner mortality where those estimates were available.  Forward projection 
runs with the model currently assume an annual prespawner survival rate of 90%, following the convention 
used in the previous matrix modeling analyses.  In the Upper Grande Ronde, prespawner mortality can 
substantially this average value in some years.  Based on preliminary analyses, it may be possible to develop 
relationships between environmental variables (e.g. summer stream temperature) and annual survival rates for 
incorporation into the model to account for year to year variation in this mortality.    

Analyzing the potential effects of future climate change scenarios is a major objective of the life cycle 
modeling project.  We will be reviewing the results of the Salmon River basin life cycle modeling analyses 
described in this chapter to determine if the model framework and inputs we have developed can be used or 
modified to simulate alternative climate impact hypotheses.  That effort will include potentially applying some 
of the retrospective analytical approaches incorporating Grande Ronde basin data for the key environmental 
variables used in the Salmon River basin assessments.     
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Tables & Figures 
Table 1. Catherine Creek Tier I habitat types from the weir to the upstream extent of Chinook spawning and 
rearing in North and South Forks of Catherine Creek. 

Tier 1 Habitat Type Number Average Area (m2) Total  Area (m2) 
Pool 429 177.5 76131.8 
Run 36 333.2 11994.4 
Fastwater 552 313.0 184539.1 
 
Table 2. Summary of habitat types on Catherine Creek from Pyles Cr to the weir. Data is summarized in two 
sections: 1) from Pyles Cr to the 10th St Diversion in Union, OR, which represents low flows due to diversions, 
and 2) from the 10th St diversion to the weir. 

Section Habitat Type Number Average Area (m2) Total Area (m2) 
Pyles to 10th St Pool 44 371.9 16364.9 

 Run 14 770.7 10789.8 
 Fastwater 28 265.5 11982.5 

10th St to Weir Pool 22 239.6 5270.9 
 Run 1 306.7 306.7 
 Fastwater 40 723.5 0.3 

 
Table 2. Upper Grande Ronde River Tier I habitat types from the weir to the upstream extent of Chinook 
spawning and rearing distribution. 
Tier 1 Habitat Type Number Average Area (m2) Total  Area (m2) 
Pool 485 149.2 72339.1 
Run 104 245.6 25545.9 
Fastwater 690 462.2 278974.6 
 
Table 3. Minam River Tier I habitat types from the smolt traps location upstream of the confluence with the 
Wallowa River to the upstream extent of Chinook spawning and rearing distribution. 
Tier 1 Habitat Type Number Average Area (m2) Total  Area (m2) 
Pool 518 283.0 155357.8 
Run 92 604.9 53669 
Fastwater 1036 1123.6 839630.2 
 
Table 4. Lostine River Tier I habitat types from the weir to the upstream extent of Chinook spawning and 
rearing distribution. 
Tier 1 Habitat Type Number Average Area (m2) Total  Area (m2) 
Pool 124 279.6 34821.4 
Run 81 562.7 46033.6 
Fastwater 304 936.4 297638.7 
 
Table 5. Catherine Creek Chinook summer parr densities by tier I habitat types for the 2011 CHaMP snorkel 
surveys. 
Tier 1 Habitat Type N Habitat Type N Chinook parr Avg. Chinook density (m2) 
Pool 38 3038 1.29 
Run 16 688 0.48 
Fastwater 26 749 0.27 
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Table 6. Catherine Creek Chinook summer parr densities by tier I habitat types for the 2012 CHaMP snorkel 
surveys. 
Tier 1 Habitat Type N Habitat Type N Chinook parr Avg. Chinook density (m2) 
Pool 45 1941 0.72 
Run 20 1020 0.35 
Fastwater 22 271 0.30 
 
Table 7. Upper Grande Ronde River Chinook summer parr densities by tier I habitat types for the 2011 CHaMP 
snorkel surveys. 
Tier 1 Habitat Type N Habitat Type N Chinook parr Avg. Chinook density (m2) 
Pool 61 2497 0.51 
Run 23 525 0.18 
Fastwater 37 553 0.10 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8. Upper Grande Ronde River Chinook summer parr densities by tier I habitat types for the 2012 CHaMP 
snorkel surveys. 
Tier 1 Habitat Type N Habitat Type N Chinook parr Avg. Chinook density (m2) 
Pool 19 447 0.59 
Run 17 133 0.07 
Fastwater 17 348 0.12 
 
 
 
 
  



2.2.1 Grande Ronde Chinook Population Models 

37 
 

Figure 1. Study area is located in Northeastern Oregon in the Grande Ronde River basin. Habitat surveys were 
conducted in Catherine Creek and the upper Grande Ronde, Minam, and Lostine rivers, which overlapped with 
the current Chinook spawning and rearing distribution. All habitat surveys were analyzed from a known fish 
weir or smolt trap, except for Catherine Creek, which was expanded downstream to Pyles Creek. 
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Figure 2. Sections 1 and 2 below the weir on Catherine Creek illustrating the location of CHaMP sample sites 
and corresponding snorkel surveys along with the distribution of ODFW’s Aquatic Inventory survey of tier I 
habitat types. 
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Figure 3. Juvenile abundance and adult spawner estimates for Grande Ronde spring Chinook populations.  Summer parr (open 
symbols), winter parr plus fall emigrants(‘+’) , smolts at Lower Granite Dam(‘*’). 
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Figure 4. Flow and temperature indices for Grande Ronde population production areas.  (a) average monthly 
flow (cfs) vs average maximum air temperature (deg C)for September (spawning year); (b)average monthly air 
temperature during summer rearing vs. average monthly maximum temperature during spawning; (c) 
cumulative March through August degree days vs. monthly average maximum summer rearing air temperature; 
(d) summer rearing average monthly flow (cfs) vs. monthly average maximum air temperature; (d) normalized 
monthly summer rearing flows vs. max air temperatures.  Populations: Catherine Cr. (diamond), Upper GR 
(square), Lostine(circle), Minam(triangle). 
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Figure 5. Summer parr per adult spawner comparisons.  All estimates standardized to 10,000m2 AQI pool 
habitat.  (a)Parr/spawner vs. age weighted parent spawners; (b-f) )natural log parr/spawner vs. average 
maximum air temperature during spawning, July/Aug average max air temperature during rearing, normalized 
annual spawning flows, normalized average August flow during rearing.  Populations: Catherine Cr. (diamond), 
Upper GR (square), Lostine(circle), Minam(triangle). 
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Fig. 6.  Summer parr production vs. parent spawning abundance.   Parr density and adult spawner 
abundance standardized to 10,000m2 AQI index pool habitat.  (a) Points are annual estimates for 
specific populations. Beverton Holt production relationship fitted to the aggregate  populations 
data set using the nls routine in the statistical package R. (estimated BH ’ a’ parameter = 497 
parr/spawner(age weighted),  BH ‘b’ parameter = 16,890.  (b) Bootstrap estimates of Beverton 
Holt a (parr/spawner) and b(parr capacity) for the Grande Ronde four population aggregage data 
set.  Open circles individual bootstrap iterations. Square indicates median estimate.  Age 5 
spawners weighted by 1.26 to account for higher fecundity. 
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Figure7.   Annual summer parr abundance as a function of age 4 and age 5 adult spawners (age5 
spawners weighted by 1.26 to reflect higher average fecundity).  Spawners and parr standardized 
to 10,000m2 pool equivalent habitat.  Solid line: Beverton Holt function fit to individual 
population data set.  Dashed line: composite Beverton Holt curve fit to combined (four 
population) data set. 
 
 
  



2.2.1 Grande Ronde Chinook Population Models 

44 
 

 
Fig. 8.  Summer parr to Lower Granite Dam smolt survivals.  Abundance and density estimates 
expressed as juveniles per 10,000 m2 AQI index habitat.  (a). Population specific annual 
estimates of smolts surviving to Lower Granite Dam vs. estimated summer parr abundance, (b) 
Survival vs. estimated summer parr abundance, (c)survival vs. normalized average August 
rearing flow, (d)survival vs. average monthly maximum July air temperature (degrees C).   
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Fig 9.  .(a) Comparison of mean lengths of emigrant Chinook juveniles sampled at the migrant trap in the fall with 
juveniles sampled above the trap site after the fall migration (winter parr).  (b) Comparison of mean length of 
spring migrants vs. fall migrants sampled at Catherine Creek trap.  Migration years 1995-2010 (ODFW data) 
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Figure 10. Comparisons of average migrant lengths measured at the downstream smolt trap vs. 
estimated summer parr densities by population.   Left hand panels: fall migrant length vs. 
summer parr density.  Right hand panels: spring migrant length vs. summer parr density.  
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Figure11.  Survival to Lower Granite Dam vs. length at the smolt traps for each population.  Left 
hand panels: fall outmigrants. Right hand panels: spring outmigrants. 
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Figure 12..  Annual survival from summer parr to spring migrant (logit transform) regressed on 
summer parr density per 10,000 m2 of pool equivalent habitat.  Points are annual estimates (logit 
transform).  Solid line: regression of logit(survival) on summer parr density. Dashed line is 
average for the series.     
 
 
 
  



2.2.1 Grande Ronde Chinook Population Models 

49 
 

 
Figure 13. Annual survival from spring migrant leaving tributary to Lower Granite Dam.  Points 
are annual estimates (logit transform).  Solid line: regression of logit(survival) on summer parr 
density. Dashed line is average for the series.    
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Figure 14. Summer parr to Lower Granite smolt survival relationships for Grande Ronde spring 
Chinook populations.  Top left: population specific fitted survival from summer parr to spring 
migration (composite of downstream and natal area rearing) as a function adult spawner density.  
Top right panel: estimated spring migrants leaving the tributary as a function of spawner density. 
Bottom left: fitted survival relationship for spring migrants leaving tributary to Lower Granite 
Dam.  Bottom right: estimated smolts arriving at Lower Granite Dam expressed relative to parent 
spawner densities.  All four relationships assume the same fitted aggregate spawner to parr 
production function.  Fitted survival functions derived using R statistical package.  Logit 
transform (“cat” package),  “lm” statistical function.     
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Figure 15. Comparisons of annual smolt to adult return rate (SAR) and estimated brood year 
returns contrasting the use of aggregate Lower Granite Dam natural run SAR and population 
specific SARs generated  using annual smolt production..   Left panels: Logit(SAR ), right 
panels: brood returns.  
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Fig 16.  Available stage specific abundance and survival data, structure and general data elements of tributary life history 
model described in this report and general format for 2007 matrix models. 
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Appendix Table A-3 (from 2011 Annual Report).  Number of PIT tagged spring Chinook 
salmon released by tag group and stream, and survival probability to Lower Granite Dam 
during migratory years 1993–2011. Summer and winter tag groups were collected 
upstream of screw traps, while fall and spring tag groups were collected at screw traps.  
 

 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Summer (Summer parr)    
 Catherine Creek  1993 1,094 0.178 (0.151–0.212) 
 1994 1,000 0.226 (0.186–0.279) 
 1995 999 0.154 (0.129–0.184) 
 1996 499 0.277 (0.205–0.406) 
 1997 583 0.176 (0.139–0.225) 
 1998 499 0.211 (0.164–0.276) 
 1999 502 0.157 (0.122–0.212) 
 2000 497 0.151 (0.109–0.217) 
 2001 498 0.087 (0.063–0.115) 
 2002 502 0.109 (0.079–0.157) 
 2003 501 0.075 (0.052–0.106) 
 2004 467 0.072 (0.051–0.098) 
 2005 495 0.057 (0.038–0.082) 
 2006 523 0.057 (0.033–0.128) 
 2007 501 0.042   (SE = 0.009) 
 2008 1,000 0.080 (0.053–0.136) 
 2009 997 0.147 (0.116–0.178) 
 2010 995 0.107 (0.074–0.168) 
 2011 992 0.128 (0.104–0.158) 
 Imnaha River 1993 1,000 0.141 (0.115–0.180) 
 1994 998 0.136 (0.109–0.173) 
 1995 996 0.083 (0.064–0.108) 
 1996 997 0.268 (0.222–0.330) 
 1997 1,017 0.216 (0.179–0.276) 
 1998 1,009 0.325 (0.290–0.366) 
 1999 1,009 0.173 (0.141–0.219) 
 2000 982 0.141 (0.115–0.172) 
 2001 1,000 0.181 (0.158–0.206) 
 2002 1,001 0.106 (0.079–0.160) 
 2003 1,003 0.141 (0.110–0.185) 
 2004 998 0.109 (0.090–0.131) 
 2005 1,001 0.123 (0.103–0.146) 
 2006 1,011 0.144 (0.117–0.180) 
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Appendix Table A-3. Continued. 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Summer (Summer parr)    
 Imnaha River (cont.) 2007 1,000 0.178 (0.147–0.218) 
 2008 1,000 0.189 (0.157–0.228) 
 2009 989 0.219 (0.187–0.251) 
 2010 1,000 0.102 (0.079–0.133) 
 2011 997 0.172 (0.145–0.204) 
 Lostine River  1993 997 0.250 (0.214–0.296) 
 1994 725 0.237 (0.188–0.309) 
 1995 1,002 0.215 (0.183–0.255) 
 1996 977 0.237 (0.191–0.306) 
 1997 527 0.213 (0.160–0.310) 
 1998 0 — 
 1999 506 0.180 (0.145–0.234) 
 2000 509 0.212 (0.159–0.294) 
 2001 489 0.210 (0.175–0.248) 
 2002 501 0.154 (0.117–0.209) 
 2003 509 0.155 (0.109–0.238) 
 2004 525 0.065 (0.046–0.089) 
 2005 500 0.129 (0.101–0.163) 
 2006 1,105 0.113 (0.091–0.143) 
 2007 500 0.159 (0.112–0.245) 
 2008 1,000 0.183 (0.155–0.218) 
 2009 988 0.208 (0.176–0.241) 
 2010 997 0.114 (0.089–0.152) 
 2011 997 0.139 (0.115–0.168) 
 Minam River 1993 994 0.187 (0.115–0.230) 
 1994 997 0.293 (0.249–0.350) 
 1995 996 0.153 (0.124–0.191) 
 1996 998 0.208 (0.169–0.264) 
 1997 589 0.270 (0.181–0.693) 
 1998 992 0.228 (0.199–0.259) 
 1999 1,006 0.181 (0.155–0.210) 
 2000 998 0.239 (0.199–0.292) 
 2001 1,000 0.228 (0.202–0.256) 
 2002 994 0.093 (0.074–0.119) 
 2003 1,000 0.061 (0.044–0.088) 
 2004 996 0.062 (0.047–0.080) 
 2005 1,002 0.136 (0.114–0.160) 
 2006 1,007 0.145 (0.119–0.178) 
 2007 1,000 0.175 (0.147–0.211) 
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Appendix Table A-3. Continued. 

a Data was insufficient to calculate a survival probability.

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Summer (Summer parr)    
 Minam River (cont.) 2008 1,000 0.193 (0.166–0.224) 
 2009 995 0.191 (0.162–0.219) 
 2010 985 0.131 (0.092–0.205) 
 2011 999 0.127 (0.102–0.158) 
 Upper Grande Ronde River 1993 918 0.287 (0.237–0.365) 
 1994 1,001 0.144 (0.110–0.197) 
 1995 1,000 0.173 (0.144–0.207) 
 2008 1,000 0.264 (0.224–0.319) 
 2009 0 — 
 2010 1,000 0.235 (0.195–0.289) 
 2011 993 0.125 (0.101–0.156) 
 Wenaha/SF Wenaha 1993 749 0.214 (0.181–0.255) 
 1994 998 0.144 (0.121–0.172) 
 1995 999 0.146 (0.119–0.180) 
 1996 997 0.212 (0.172–0.271) 
 1997 62 (a) 
Fall trap (Early migrants)    
 Catherine Creek  1995 502 0.238 (0.193–0.297) 
 1996 508 0.358 (0.296–0.446) 
 1997 399 0.365 (0.256–0.588) 
 1998 582 0.238 (0.194–0.293) 
 1999 644 0.202 (0.166–0.250) 
 2000 677 0.212 (0.170–0.269) 
 2001 508 0.130 (0.103–0.162) 
 2002 514 0.154 (0.114–0.245) 
 2003 849 0.120 (0.093–0.160) 
 2004 524 0.126 (0.099–0.158) 
 2005 544 0.122 (0.093–0.161) 
 2006 500 0.074   (SE = 0.012) 
 2007 500 0.203 (0.143–0.340) 
 2008 499 0.153 (0.109–0.256) 
 2009 500 0.269 (0.214–0.324) 
 2010 821 0.180 (0.132–0.281) 
 2011 499 0.156 (0.120–0.207) 
 Lostine River  1997 519 0.312 (0.247–0.465) 
 1998 500 0.448 (0.391–0.514) 
 1999 501 0.422 (0.349–0.538) 
 2000 514 0.317 (0.267–0.380) 
 2001 498 0.335 (0.294–0.378) 
 2002 500 0.326 (0.258–0.455) 
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Appendix Table A-3. Continued 

 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Fall trap (Early migrants)    
 Lostine River (cont.) 2003 854 0.287 (0.236–0.365) 
 2004 0 — 
 2005 500 0.267 (0.227–0.310) 
 2006 495 0.269 (0.207–0.406) 
 2007 500 0.223 (0.172–0.301) 
 2008 499 0.265 (0.221–0.317) 
 2009 501 0.312 (0.257–0.367) 
 2010 1,099 0.265 (0.191–0.427) 
 2011 1100 0.251 (0.221–0.286) 
 Minam River 2001 300 0.427 (0.371–0.485) 
 2002 537 0.249 (0.201–0.326) 
 2003 849 0.238 (0.199–0.292) 
 2004 500 0.183 (0.150–0.219) 
 2005 498 0.293 (0.253–0.337) 
 2006 499 0.245 (0.205–0.304) 
 2007 500 0.250 (0.186–0.368) 
 2008 500 0.283 (0.235–0.344) 
 2009 500 0.387 (0.333–0.442) 
 2010 944 0.366 (0.243–0.676) 
 2011 932 0.286 (0.254–0.320) 
 Upper Grande Ronde River 1994 405 0.348 (0.284–0.432) 
 1995 424 0.228 (0.184–0.281) 
 1996 5 (a) 
 1997 27 (a) 
 1998 590 0.286 (0.244–0.334) 
 1999 498 0.269 (0.229–0.315) 
 2000 493 0.341 (0.260–0.476) 
 2002 344 0.308 (0.198–0.653) 
 2003 581 0.184 (0.143–0.247) 
 2004 180 0.164 (0.114–0.225) 
 2005 368 0.138 (0.105–0.177) 
 2006 521 0.171 (0.136–0.232) 
 2007 534 0.242 (0.199–0.301) 
 2008 159 0.338 (0.257–0.450) 
 2009 4 (a) 
 2010 485 0.209 (0.162–0.275) 
 2011 499 0.225 (0.184–0.273) 
 Wallowa River  1999 45 (a) 
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Appendix Table A-3. Continued. 

 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Winter (Winter parr)    
 Catherine Creek  1995 482 0.279 (0.230–0.343) 
 1996 295 0.312 (0.163–1.008) 
 1997 102 0.078 (0.033–0.222) 
 1998 437 0.278 (0.226–0.345) 
 1999 493 0.285 (0.230–0.367) 
 2000 500 0.138 (0.102–0.191) 
 2001 522 0.077 (0.054–0.106) 
 2002 431 0.203 (0.129–0.476) 
 2003 524 0.152 (0.109–0.231) 
 2004 502 0.178 (0.145–0.215) 
 2005 529 0.112 (0.079–0.178) 
 2006 500 0.125 (0.080–0.312) 
 2007 500 0.088 (0.047–0.343) 
 2008 500 0.144 (0.108–0.207) 
 2009 500 0.110 (0.063–0.157) 
 2010 498 0.183 (0.135–0.261) 
 2011 497 0.174 (0.135–0.227) 
 Lostine River  1997 388 0.445 (0.334–0.650) 
 1998 504 0.349 (0.301–0.403) 
 1999 491 0.305 (0.259–0.363) 
 2000 511 0.397 (0.296–0.576) 
 2001 499 0.284 (0.245–0.326) 
 2002 564 0.246 (0.170–0.464) 
 2003 501 0.226 (0.167–0.337) 
 2004 500 0.189 (0.156–0.227) 
 2005 500 0.201 (0.166–0.240) 
 2006 501 0.177 (0.127–0.304) 
 2007 500 0.135 (0.101–0.186) 
 2008 500 0.328 (0.270–0.417) 
 2009 494 0.192 (0.143–0.240) 
 2010 500 0.243 (0.187–0.330) 
 2011 500 0.196 (0.158–0.242) 
 Upper Grande Ronde River 1994 505 0.248 (0.152–0.519) 
 1995 432 0.151 (0.115–0.199) 
 1998 124 0.113   (SE = 0.028) 
 1999 420 0.118 (0.083–0.183) 
 2000 500 0.133 (0.099–0.183) 
 2004 301 0.296 (0.245–0.353) 
 2005 449 0.207 (0.159–0.306) 
 2006 464 0.080 (0.052–0.183) 
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Appendix Table A-3. Continued. 

 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Winter (Winter parr)    
 Upper Grande Ronde River (cont.) 2007 482 0.169 (0.132–0.226) 
 2008 83 0.361 (0.124–5.029) 
 2009 0 — 
 2010 498 0.125 (0.092–0.172) 
 2011 431 0.124 (0.094–0.160) 
Spring trap (Late migrants)    
 Catherine Creek 1995 348 0.506 (0.441–0.578) 
 1996 276 0.591 (0.480–0.755) 
 1997 81 0.413 (0.292–0.580) 
 1998 453 0.517 (0.459–0.583) 
 1999 502 0.448 (0.379–0.545) 
 2000 431 0.452 (0.359–0.598) 
 2001 328 0.376 (0.322–0.433) 
 2002 217 0.527 (0.411–0.750) 
 2003 535 0.365 (0.312–0.431) 
 2004 525 0.413 (0.370–0.457) 
 2005 410 0.445 (0.366–0.569) 
 2006 360 0.367 (0.290–0.526) 
 2007 363 0.310 (0.250–0.402) 
 2008 484 0.380 (0.309–0.506) 
 2009 498 0.491 (0.379–0.604) 
 2010 571 0.464 (0.378–0.607) 
 2011 430 0.422 (0.347–0.535) 
 Lostine River 1997 475 0.769 (0.630–1.009) 
 1998 484 0.784 (0.728–0.845) 
 1999 599 0.744 (0.664–0.857) 
 2000 355 0.660 (0.546–0.823) 
 2001 442 0.695 (0.648–0.741) 
 2002 406 0.683 (0.589–0.825) 
 2003 482 0.495 (0.424–0.591) 
 2004 0 — 
 2005 464 0.552 (0.503–0.602) 
 2006 517 0.619 (0.551–0.722) 
 2007 505 0.589 (0.508–0.706) 
 2008 499 0.683 (0.616–0.768) 
 2009 593 0.692 (0.617–0.766) 
 2010 1,099 0.679 (0.589–0.807) 
 2011 1751 0.583 (0.549–0.621) 
 Middle Grande Ronde River 2001 4 (a) 
 2002 167 0.776 (0.624–1.073) 
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Appendix Table A-3. Continued. 

 
 

Tag group and stream MY 
Number 
released Survival probability (95% CI) 

Spring trap (Late migrants)    
 Middle Grande Ronde River (cont.) 2003 250 0.764 (0.668–0.893) 
 2004 488 0.721 (0.677–0.764) 
 2005 236 0.698 (0.625–0.776) 
 2006 400 0.745 (0.666–0.881) 
 2011 71 0.726 (0.575–0.920) 
 Minam River 2001 536 0.619 (0.576–0.661) 
 2002 382 0.532 (0.465–0.644) 
 2003 512 0.476 (0.405–0.577) 
 2004 412 0.530 (0.480–0.580) 
 2005 374 0.555 (0.497–0.620) 
 2006 401 0.543 (0.482–0.630) 
 2007 217 0.602 (0.519–0.725) 
 2008 496 0.623 (0.554–0.710) 
 2009 500 0.618 (0.540–0.697) 
 2010 1,059 0.636 (0.563–0.734) 
 2011 1092 0.595 (0.542–0.659) 
 Upper Grande Ronde River 1994 571 0.462 (0.387–0.563) 
 1995 368 0.609 (0.545–0.683) 
 1996 327 0.512 (0.404–0.690) 
 1998 512 0.548 (0.487–0.622) 
 1999 528 0.538 (0.486–0.601) 
 2000 495 0.560 (0.472–0.680) 
 2001 6 (a) 
 2002 536 0.499 (0.416–0.633) 
 2003 571 0.397 (0.346–0.461) 
 2004 525 0.420 (0.376–0.464) 
 2005 615 0.374 (0.335–0.418) 
 2006 505 0.398 (0.318–0.561) 
 2007 501 0.373 (0.307–0.469) 
 2008 510 0.418 (0.364–0.495) 
 2009 10 (a) 
 2010 503 0.468 (0.401–0.553) 
 2011 672 0.447 (0.392–0.512) 
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Appendix Table A-7 (from 2011 Annual Report).  Estimated number of wild spring Chinook salmon smolt equivalents leaving 
tributaries during spring, and at Lower Granite Dam (LGD). Brood year represents the year eggs were deposited, while migration year 
refers to the calendar year smolts began seaward migration. (Highlighted entries are corrected from 2011 Annual Report). 
 

Stream, 
 BY MY 

Early migrants  Late migrants Estimated smolt 
equivalents 

leaving 
tributary 

Estimated 
smolt 

equivalents 
at LGD 

Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

 Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

           
Catherine Creek          

1993 1995 8,966 1,337 0.238  8,667 1,577 0.506 12,884 6,519 
1994 1996 4,985 440 0.358  1,872 529 0.591 4,892 2,891 
1995 1997 4,029 1,118 0.365  413 103 0.413 3,974 1,641 
1996 1998 7,058 1,140 0.238  2,823 403 0.517 6,072 3,139 
1997 1999 12,607 2,010 0.202  7,704 1,115 0.448 13,388 5,998 
1998 2000 19,769 2,156 0.212  4,222 914 0.452 13,494 6,099 
1999 2001 18,996 2,213 0.130  2,940 558 0.376 9,508 3,575 
2000 2002 21,183 2,846 0.154  2,179 373 0.527 8,369 4,411 
2001 2003 29,763 2,399 0.120  4,860 1,039 0.365 14,645 5,345 
2002 2004 53,712 3,796 0.126  10,300 1,804 0.413 26,687 11,022 
2003 2005 50,630 6,500 0.122  5,467 1,680 0.445 19,348 8,610 
2004 2006 22,823 2,176 0.074  4,365 934 0.367 8,967 3,291 
2005 2007 10,936 788 0.203  2,895 677 0.310 10,056 3,117 
2006 2008 20,502 1,700 0.153  5,649 1,231 0.380 13,904 5,283 
2007 2009 16,618 2,723 0.269  5,056 1,328 0.491 14,160 6,953 
2008 2010 32,358 6,356 0.180  11,277 3,277 0.464 23,829 11,056 
2009 2011 8,079 332 0.156  4,515 1,057 0.422 7,593 3,166 

Lostine River          
1995 1997 2,175 239 0.312  2,321 557 0.769 3,203 2,463 
1996 1998 11,381 2,373 0.448  6,158 1,089 0.784 12,661 9,927 
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Appendix Table A-7. Continued. 
 

Stream, 
 BY 

Migration 
year 

Early migrants  Late migrants Estimated smolt 
equivalents 

leaving 
tributary 

Estimated 
smolt 

equivalents 
at LGD 

Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

 Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

Lostine River (cont.)          
1997 1999 20,133 1,966 0.422  14,134 1,749 0.744 25,554 19,012 
1998 2000 8,370 835 0.317  3,880 299 0.660 7,900 5,214 
1999 2001 10,478 1,246 0.335  3,132 549 0.695 8,183 5,687 
2000 2002 15,358 2,371 0.326  2,782 522 0.683 10,112 6,907 
2001 2003 19,048 1,459 0.287  9,891 1,161 0.495 20,935 10,363 
2002 2004a — — —  — — — — — 
2003 2005 41,163 6,185 0.267  13,439 2,662 0.552 33,349 18,409 
2004 2006 42,563 8,705 0.269  11,705 1,372 0.619 30,202 18,695 
2005 2007 34,250 4,720 0.223  11,933 1,013 0.589 24,900 14,666 
2006 2008 15,354 2,601 0.265  10,763 2,366 0.683 16,720 11,420 
2007 2009 30,896 7,261 0.312  8,039 1,160 0.692 22,009 15,203 
2008 2010 28,529 2,717 0.265  19,157 1,545 0.679 30,291 20,567 
2009 2011 51,699 10,822 0.251  13,057 1,053 0.583 35,341 20,588 

Minam River          
1999 2001 10,224 2,820 0.427  17,985 3,689 0.619 25,038 15,498 
2000 2002 62,708 10,088 0.249  16,292 3,957 0.532 45,642 24,282 
2001 2003 19,674 3,738 0.238  43,473 9,982 0.476 53,310 25,376 
2002 2004 42,978 5,732 0.183  22,207 7,002 0.530 37,047 19,635 
2003 2005 47,924 2,782 0.293  63,466 26,407 0.555 88,766 49,265 
2004 2006 29,492 6,275 0.245  21,467 5,374 0.543 34,774 18,882 
2005 2007 25,875 5,517 0.250  11,844 1,680 0.602 22,589 13,599 
2006 2008 33,592 5,337 0.283  43,709 10,744 0.623 58,968 36,737 

a Access was denied to the Lostine River trap site during MY 2004.
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Appendix Table A-7. Continued. 
 

Stream, 
 BY 

Migration 
year 

Early migrants  Late migrants Estimated smolt 
equivalents 

leaving 
tributary 

Estimated 
smolt 

equivalents 
at LGD 

Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

 Migrant 
abundance 
estimate 95% CI 

Survival 
to LGD 

Minam River (cont.)          
2007 2009 27,167 6,710 0.387  16,476 5,902 0.618 33,488 20,696 
2008 2010 75,070 13,489 0.366  90,948 33,063 0.636 134,149 85,318 
2009 2011 41,128 6,511 0.286  32,517 8,769 0.595 52,396 31,110 

Upper Grande Ronde River          
1992 1994 2,616 188 0.348  22,175 3,188 0.462 24,145 11,155 
1993 1995 4,859 1,881 0.228  33,866 12,560 0.609 35,685 21,732 
1994 1996 13 15 (b)  1,105 192 0.512 (b) (b) 
1995 1997 68 28 (b)  14 11 (b) (b) (b) 
1996 1998 2,408 316 0.286  4,514 535 0.548 5,771 3,162 
1997 1999 2,440 187 0.269  12,418 3,116 0.538 13,638 7,337 
1998 2000 3,839 386 0.341  10,941 2,033 0.560 13,279 7,436 
1999 2001 6 9 (b)  45 30 (b) (b) (b) 
2000 2002 1,625 180 0.308  7,508 1,564 0.499 8,511 4,247 
2001 2003 1,350 105 0.184  3,572 458 0.397 4,198 1,666 
2002 2004 467 81 0.164  4,387 637 0.420 4,569 1,919 
2003 2005 1,094 123 0.138  5,163 825 0.374 5,567 2,082 
2004 2006 7,846 1,248 0.171  26,826 5,170 0.398 30,197 12,018 
2005 2007 5,356 306 0.242  11,753 1,680 0.373 15,228 5,680 
2006 2008 4,576 1,721 0.338  7,108 2,828 0.418 10,808 4,518 
2007 2009 8 9 (b)  26 10 (b) (b) (b) 
2008 2010 4,584 571 0.209  16,179 1,851 0.468 18,226 8,529 
2009 2011 11,072 713 0.225  14,061 2,200 0.447 19,474 8,776 

b Small tag group size and low recaptures at LGD precluded estimating survival probabilities and smolt equivalents. 
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Appendix B.  Estimated number of wild spring Chinook salmon parr in late summer by stream 
and brood year. 
 

Stream, 
brood year 

Migration 
year 

Smolt 
equivalents 
at LGD 

Summer parr 
survival to 
LGD 

Estimated 
summer parr 

Catherine Creek    
1993 1995 6,519  0.154 42,334  
1994 1996 2,891  0.277 10,437  
1995 1997 1,641  0.176 9,325  
1996 1998 3,139  0.211 14,878  
1997 1999 5,998  0.157 38,204  
1998 2000 6,099  0.151 40,393  
1999 2001 3,575  0.087 41,091  
2000 2002 4,411  0.109 40,463  
2001 2003 5,346  0.075 71,273  
2002 2004 11,022  0.072 153,078  
2003 2005 8,610  0.057 151,047  
2004 2006 3,302  0.057 57,928  
2005 2007 3,118  0.042 74,226  
2006 2008 5,283  0.080 66,043  
2007 2009 6,832  0.147 46,474  
2008 2010 11,057  0.107 103,336  
2009 2011 3,166  0.128 24,732  

     
Upper Grande Ronde River    

1992 1994 11,155 0.144 77,467  
1993 1995 21,732 0.173 125,620  
1994 1996 n/a n/a n/a 
1995 1997 n/a n/a n/a 
1996 1998 3,162 n/a n/a 
1997 1999 7,337 n/a n/a 
1998 2000 7,436 n/a n/a 
1999 2001 n/a n/a n/a 
2000 2002 4,247 n/a n/a 
2001 2003 1,667 n/a n/a 
2002 2004 1,919 n/a n/a 
2003 2005 2,082 n/a n/a 
2004 2006 12,018 n/a n/a 
2005 2007 5,680 n/a n/a 
2006 2008 4,518 0.264 17,113  
2007 2009 n/a n/a n/a 
2008 2010 8,530 0.235 36,297  
2009 2011 8,777 0.125 70,212  
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Estimated number of wild spring Chinook salmon parr in late summer (continued). 
 

Stream, 
brood year 

Migration 
year 

Smolt 
equivalents 
at LGD 

Summer parr 
survival to 
LGD 

Estimated 
summer parr 

     
Lostine River    

1995 1997 2,463 0.213 11,565  
1996 1998 9,927 n/a n/a 
1997 1999 19,012 0.180 105,621  
1998 2000 5,214 0.212 24,595  
1999 2001 5,687 0.210 27,080  
2000 2002 6,907 0.154 44,849  
2001 2003 10,210 0.155 65,874  
2002 2004 n/a 0.065 n/a 
2003 2005 18,409 0.129 142,704  
2004 2006 18,695 0.113 165,441  
2005 2007 14,666 0.159 92,241  
2006 2008 11,420 0.183 62,404  
2007 2009 15,203 0.208 73,089  
2008 2010 20,567 0.114 180,419  
2009 2011 20,588 0.139 148,120  

     
Minam River    

1999 2001 15,498 0.228 67,975  
2000 2002 24,282 0.093 261,092  
2001 2003 25,376 0.061 415,993  
2002 2004 19,635 0.062 316,689  
2003 2005 49,265 0.136 362,246  
2004 2006 18,882 0.145 130,221  
2005 2007 13,599 0.175 77,707  
2006 2008 36,737 0.193 190,348  
2007 2009 20,696 0.191 108,355  
2008 2010 85,319 0.131 651,286  
2009 2011 31,110 0.127 244,962  
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8BAppendix C.  Model Test Output 

9BCatherine Creek 

---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Historical    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 97 Mean(sd)= 132.3 ( 114.64 )  
Year  50: Median = 89 Mean(sd)= 114.2 ( 97.5 )  
Year 100: Median = 93 Mean(sd)= 125 ( 105.23 )  
 
Year  25 QET50 Risk: 0.175    QET10 risk: 0  
Year  50 QET50 Risk: 0.245    QET10 risk: 0.01  
Year 100 QET50 Risk: 0.28    QET10 risk: 0.015  
 
---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Current    Habgain: 1 Survival gain: 1  

---------------------------------------------------------------------------------------------  
Year  25: Median = 44 Mean(sd)= 61.9 ( 59.45 )  

Year  50: Median = 29 Mean(sd)= 46.6 ( 47.64 )  
Year 100: Median = 25 Mean(sd)= 39.3 ( 41.31 )  
 
Year  25 QET50 Risk: 0.44    QET10 risk: 0.005  
Year  50 QET50 Risk: 0.73    QET10 risk: 0.025  
Year 100 QET50 Risk: 0.75    QET10 risk: 0.09  
 
---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Poor PDO    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 31 Mean(sd)= 42 ( 37.71 )  
Year  50: Median = 20 Mean(sd)= 31.2 ( 36.04 )  
Year 100: Median = 14 Mean(sd)= 27.7 ( 33.86 )  
 
Year  25 QET50 Risk: 0.675    QET10 risk: 0.015  
Year  50 QET50 Risk: 0.89    QET10 risk: 0.13  
Year 100 QET50 Risk: 0.895    QET10 risk: 0.19  
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10BLostine River 

---------------------------------------------------------------------------------------------  
Lostine R   Hydro: Current2012   Ocn: Historical    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 309 Mean(sd)= 383.6 ( 315.54 )  
Year  50: Median = 259 Mean(sd)= 333.1 ( 278.03 )  
Year 100: Median = 258 Mean(sd)= 329.9 ( 240.69 )  
 
Year  25 QET50 Risk: 0.005    QET10 risk: 0  
Year  50 QET50 Risk: 0.015    QET10 risk: 0  
Year 100 QET50 Risk: 0.015    QET10 risk: 0  
 
---------------------------------------------------------------------------------------------  
Lostine R   Hydro: Current2012   Ocn: Current    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 138 Mean(sd)= 186.5 ( 159.72 )  
Year  50: Median = 137 Mean(sd)= 187.2 ( 152.08 )  

Year 100: Median = 119 Mean(sd)= 148.4 ( 129.13 )  
 

Year  25 QET50 Risk: 0.01    QET10 risk: 0  
Year  50 QET50 Risk: 0.045    QET10 risk: 0  
Year 100 QET50 Risk: 0.045    QET10 risk: 0  
 
---------------------------------------------------------------------------------------------  
Lostine R   Hydro: Current2012   Ocn: Poor PDO    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 112 Mean(sd)= 143.4 ( 127.5 )  
Year  50: Median = 87 Mean(sd)= 112.9 ( 94.84 )  
Year 100: Median = 91 Mean(sd)= 118.6 ( 97.22 )  
 
Year  25 QET50 Risk: 0.045    QET10 risk: 0  
Year  50 QET50 Risk: 0.09    QET10 risk: 0  
Year 100 QET50 Risk: 0.125    QET10 risk: 0.005  
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11BMinam River 

---------------------------------------------------------------------------------------------  
Minam R   Hydro: Current2012   Ocn: Historical    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 437 Mean(sd)= 534 ( 364.14 )  
Year  50: Median = 404 Mean(sd)= 482.3 ( 386.98 )  
Year 100: Median = 412 Mean(sd)= 494.2 ( 328.12 )  
 
Year  25 QET50 Risk: 0    QET10 risk: 0  
Year  50 QET50 Risk: 0    QET10 risk: 0  
Year 100 QET50 Risk: 0    QET10 risk: 0  
 
---------------------------------------------------------------------------------------------  
Minam R   Hydro: Current2012   Ocn: Current    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 233 Mean(sd)= 289.2 ( 207.87 )  
Year  50: Median = 235 Mean(sd)= 291.4 ( 185.37 )  

Year 100: Median = 194 Mean(sd)= 254.7 ( 199.05 )  
 

Year  25 QET50 Risk: 0.005    QET10 risk: 0  
Year  50 QET50 Risk: 0.005    QET10 risk: 0  
Year 100 QET50 Risk: 0.005    QET10 risk: 0  
 
---------------------------------------------------------------------------------------------  
Minam R   Hydro: Current2012   Ocn: Poor PDO    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 201 Mean(sd)= 228.2 ( 154.12 )  
Year  50: Median = 162 Mean(sd)= 199.7 ( 135.87 )  
Year 100: Median = 172 Mean(sd)= 195.2 ( 130.94 )  
 
Year  25 QET50 Risk: 0.005    QET10 risk: 0  
Year  50 QET50 Risk: 0.02    QET10 risk: 0  
Year 100 QET50 Risk: 0.025    QET10 risk: 0  
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12BHabitat and Survival Multipliers Test 

---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Current    Habgain: 1 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 39 Mean(sd)= 58.6 ( 54.17 )  
Year  50: Median = 33 Mean(sd)= 45.3 ( 37.46 )  
Year 100: Median = 27 Mean(sd)= 40.7 ( 48.13 )  
 
Year  25 QET50 Risk: 0.48    QET10 risk: 0  
Year  50 QET50 Risk: 0.635    QET10 risk: 0.035  
Year 100 QET50 Risk: 0.75    QET10 risk: 0.08  
 
---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Current    Habgain: 1.25 Survival gain: 1  
---------------------------------------------------------------------------------------------  
Year  25: Median = 55 Mean(sd)= 75.2 ( 68.83 )  
Year  50: Median = 40 Mean(sd)= 61.2 ( 61.56 )  
Year 100: Median = 31 Mean(sd)= 50.4 ( 59.94 )  
 
Year  25 QET50 Risk: 0.34    QET10 risk: 0  

Year  50 QET50 Risk: 0.55    QET10 risk: 0.02  
Year 100 QET50 Risk: 0.62    QET10 risk: 0.075  

 
---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Current    Habgain: 1 Survival gain: 1.25  
---------------------------------------------------------------------------------------------  
Year  25: Median = 68 Mean(sd)= 88.5 ( 70.38 )  
Year  50: Median = 61 Mean(sd)= 89.1 ( 84.59 )  
Year 100: Median = 52 Mean(sd)= 74 ( 72.65 )  
 
Year  25 QET50 Risk: 0.2    QET10 risk: 0  
Year  50 QET50 Risk: 0.265    QET10 risk: 0  
Year 100 QET50 Risk: 0.325    QET10 risk: 0.015  
 
---------------------------------------------------------------------------------------------  
Catherine Cr   Hydro: Current2012   Ocn: Current    Habgain: 1.25 Survival gain: 1.25  
---------------------------------------------------------------------------------------------  
Year  25: Median = 84 Mean(sd)= 112.3 ( 87.32 )  
Year  50: Median = 79 Mean(sd)= 108.2 ( 88.04 )  
Year 100: Median = 67 Mean(sd)= 94.1 ( 88.35 )  
 
Year  25 QET50 Risk: 0.12    QET10 risk: 0  
Year  50 QET50 Risk: 0.17    QET10 risk: 0.005  
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Year 100 QET50 Risk: 0.22    QET10 risk: 0.005  
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2.2.2 Catherine Creek life cycle model with policy optimization 

Robert B Lessard (CRITFC) and Casey Justice (CRITFC) 

Introduction 

Fisheries scientists and habitat specialists at the Columbia River Inter Tribal Fish Commission 
(CRITC) have been actively engaged in the monitoring of salmon spawning and rearing habitat 
and the evaluation of population recovery strategies.  Grande Ronde basin Chinook salmon 
populations have declined significantly from historical levels. Spawning and rearing habitat are 
thought to be limiting factors to the recovery of the populations. As part of a number of 
Columbia River Accords projects, CRITFC scientists have been developing methods and tools to 
evaluate population recovery strategies. Consistent with the Columbia Habitat Monitoring 
Program (CHAMP), CRITFC habitat scientists have been conducting habitat surveys in 
Catherine Creek, Upper Grande Ronde, and the Minam rivers. Data have been collected on a 
variety of stream characteristics including, but not limited to: 1. flow, 2. temperature, 3. fine 
sediment, 4. spawning area, and 5. coarse woody debris. The CHAMP protocol provides the 
rational for collecting data on these and other characteristics. Attributes are monitored to 
ascertain spatial and temporal variabilities according to a rotating panel system. Population data 
have been collected by the Oregon Department of Fish and Wildlife.  

As part of recovery planning, CRITFC’s goal is to develop a version of a life cycle model that 
not only reconstructs population trends consistent with changes in freshwater habitat conditions, 
but also serves as tool for policy gaming. The model consists of three modeling components: 1. a 
population model, 2. a habitat model, and 3. a policy optimization model. The approach also 
embeds functional relationships at an additional level of complexity, i.e., the prediction of 
changes in habitat conditions as a direct result of management actions. For example, if the 
population model predicts productivity at the fry to parr stage to be sensitive to water 
temperature change, and if water temperature is affected by shade from tree canopy closure, then 
changes to riparian forest cover would indirectly predict productivity. Therefore, changes to 
riparian forest cover would impact population recovery. The model described here seeks to 
quantify the relative recovery potential from measurable management actions. One example 
would be riparian planting. Other examples of recovery actions include changes to stream flow 
conditions, which could be achieved by purchasing water removal rights and decommissioning 
barriers. The key element of the CRITFC model is the ability to quantify the degree to which 
population recovery improves with investment in critical habitat improvements. The model will 
be used to quantify the relative benefit of alternative management actions, both in magnitude and 
spatial distribution. 
 
Population model description 

The model CRITFC is developing currently focuses on the Catherine Creek population of the 
Grande Ronde River basin. It predicts abundances of spawners, eggs, emerging fry, juveniles 
rearing in different reaches of the river, parr that migrate downstream in fall to overwinter, later 
migrating parr, smolts, fish in the ocean, and returning adults. A simplified schematic of the 
model is shown in Figure 1. Fish return to spawn after a number of years rearing in the ocean, 
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which is determined probabilistically such that the age distribution of returning adults is 
consistent with the observed age distribution. Throughout the life history, survival from one 
stage to the next is predicted with a Beverton-Holt (BH) survival function.  
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Figure 1: Full life cycle diagram. Each life stage has key environmental variables influencing 
productivity and capacity. 

Figure 2 shows a more detailed perspective of the rationale behind predicting survival at the 
spawner to egg stage. Dynamically, survival is predicted by density-dependent and density-
independent factors that are influenced by environmental conditions. The proximate conditions 
are water temperature and total spawning area, but those are driven by static factors such as 
geomorphic conditions that may be categorized by defined channel types or by dynamic 
processes such as forest growth and climate change. Forest succession has the effect of shading 
streams and providing coarse woody debris that enhances spawning area. Climate change can 
affect discharge and temperatures.  Ultimately, management actions can have an impact on those 
dynamic processes and can be viewed as drivers in the prediction of future environmental 
conditions as they pertain to the prediction of productivity and capacity, and, ultimately, 
survival. Thus, we can view management actions as predictors of future population trends.  

 

 

 

Figure 2: Diagram of dynamics of state variables. Dynamic processes affect main drivers of 
productivity and capacity. 

The model also explicitly captures spatial dynamics by breaking the population down into 
distinct population sub-units that spawn and rear independently, but exhibit straying and 
dispersal behavior (see Figure 3). Each sub-population is specific to a segment of the river. Even 
if no fish initially spawned in an area, fish may disperse into that area after spawning in another. 
Fish may also stray to an area to spawn, despite having originally been the product of spawning 
in a different area.  
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Figure 3: Spatial dynamics of spawning and rearing. Adults return to natal spawning areas in 
proportion to the number of fry that emerged the appropriate number of years prior to the age of 
maturation. Fry rearing and dispersal involves fry dispersing to spatial units other than the one 
from which they emerged from gravel. Illustration shows a distance scaled dispersal. 

When fish return to spawn, fish of a given age are redistributed to natal spawning areas in 
proportion to the number of fry that were produced from each spawning area the year that the 
adult age-class returns would have reared as juveniles. Following spawning, eggs are produced, 
followed by fry. The model then simulates juvenile dispersal by redistributing a portion of fry to 
other rearing areas in proportion to the relative distances between rearing areas. If fry disperse to 
other areas, other fry may already be present, whether they emerged from the gravel there, or 
dispersed there from other areas.  

Survival 

Survival rates from one stage to the next are predicted with a BH survival function. The basic 
formula for the BH survival function is p/(1+pN/k), where N is the abundance, p>0 is the 
density-independent productivity and k>0 is the carrying capacity term. When N approaches k/p, 
survival approaches p/2. All stages of survival use this assumption, though the values for p and k 
are not necessarily constant. Both p and k can vary with environmental conditions such as those 
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described in Figure 1. In the simplest form of predicting survival, p and k do not vary with 
environmental conditions and so survival does not vary either. However, for generality, survival 
is assumed to be predicted by productivity and capacity, both of which have the potential to 
change with environmental conditions. The relationship between productivity and environmental 
variables is described below.  

Environmental conditions 

The model keeps track of environmental conditions at all stages and at all spawning and rearing 
sites, even if it is assumed that it conditions are constant. Let Xi,j,k,t be the environmental 
condition for the ith population, jth stage, kth variable in the tth year, where j=1,2,3 are egg, fry and 
rearing stages, respectively. Let Yj,t be the environmental variable for the jth stage in the tth year, 
where j=1 is parr and j=2 is smolts. Let Zi,j,t be the jth environmental variables for the ith age of 
ocean residency in year t. The X, Y and Z variables are all normalized to historical means and 
standard deviations so that 95% of the values are on the range (-1.96,1.96). Productivity is 
calculated according to the following equation: 

 

  

where Vn is an environmental variable corresponding to one of the X, Y, or Z variables, 
depending on which stage or spatial location to which the productivity calculation is applied. 
This form predict a productivity on the order of (0,1), with a mean value of p* when β0 = 
ln(p*/(1-p*)) and all other βn = 0. Similarly, the capacity is calculated as follows: 

 

where the mean is k* when γ0 = log(k*) and all other γn = 0. These equations predict 
productivities and capacities that increase or decrease with environmental variables in 
increments determined by the scaling coefficients β and γ. If there is deemed to be no variation 
with environmental conditions, only β0 and γ0 are non-zero. Positive values of the scaling 
coefficients cause productivity and capacity to increase with an increase in the value of the 
environmental conditions. Values of the scaling coefficients can range from negative to positive 
infinity, but values on the range of (-3,3) for β0 predict mean productivities between about 0.05 
and 0.95 and values on the range of (0,20) for γ0 predict mean capacities between 1 and 485 
million. For n>0, the scaling factors can take on any value, but a value of β0 = 0 would predict a 
mean of 0.5, so β1 = 1 and V = 1 would imply that when V is one standard deviation from its 
mean, productivity would increase from the mean value of 0.5 to 0.73, a 50% increase in 
productivity with one standard deviation increase in the value of the environmental factor. 
Capacity operates at the scale of γ0.    
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Spawning migration 

The model predicts the number of adults returning in a given year and of a given age. Some of 
those fish will have spent a single year in the ocean; others will have spent several years. Fish 
returning as age a will have been fry a-1 years ago. If fish are aged 2, 3, 4, 5, and 6 years old, 
they will have come from fry 1-5 years prior. In order to allocated the total abundance of each 
age of fish back to the spawning areas from which they originate, the model takes into account 
the number of fish from each spawning area that survived to be parr for a given time lag. For 
example, 4 year old adults will redistribute to the spawning areas in proportion to the number of 
fry that emerged from each spawning area relative to the total across all areas. 

Straying 

The model implements straying as a function of two factors: 1. random stray rates, and 2. 
distance-scaled straying. The random rate merely dictates the portion of the total returns that 
stray outside of natal streams. The distance scaling determines the portion of the total straying to 
neighboring spatial areas. The model uses a distance scaling factor to make closer sites more 
attractive than farther sites. The relative desirability decays exponentially with distance. Rather 
than use physical distance, we are developing a method to define stray distance as a relative 
measure of accessibility. In other words, a nearby upstream site may not be as accessible as a 
downstream site farther away. Similarly, if a spawning group swims through a site to get to its 
own natal site, the transit site might be considered very close in relative terms. 

Egg production 

The model assumes that the number of potential eggs produced is predicted by multiplying the 
number of spawners at a site by a fecundity value (eggs per spawner) and applying a BH survival 
to those eggs. The resulting density-dependent viable eggs are a BH function where productivity 
depends on water temperature and capacity depends on total spawning area. Eggs are calculated 
at each of the spatial sites. 

Fry production 

Fry are predicted by a BH function where productivity is dependent on the proportion of fine 
sediment, i.e., β1 is non-zero and V is fine sediment. Capacity is kept constant by setting γ0 to a 
fixed value and other γn to zero. Fry production is predicted for each spatial site. 

Fry rearing 

After fry emerge from gravel, they can rear in their natal streams or disperse to other locations. 
The model will implement several dispersal mechanisms: 1. random dispersal, 2. distance-scaled 
dispersal, and 3. ideal free distribution. Random dispersal merely disperses a fixed portion of fry 
to rear in other spatial units in equal proportions. Distance-scaled dispersal starts with a fixed 
portion α of fish dispersing but scales dispersal such that the probability of dispersal decays 
exponentially with distance (as shown in  
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Figure 3). The equation below shows the calculation of the distance scaled dispersal rate Di.  

€ 

Di =
αe −λdi

e −λdi

i
∑  

A portion α of fry disperse and are allocated to the neighboring streams in proportion to their 
relative distance scaling factors. 

Parr 

Following fry rearing, all spatially distributed fry are collected into a common pool of late 
summer fry. The recruitment to fry follows a BH function with productivity varying with water 
temperature on rearing sites, and capacity varying with total rearing area and percent pools in 
rearing sites. Following the pooling of parr into a single unit, parr then migrate downstream 
either in fall or mid-late winter. The single pool of parr is recruited into each of the early and late 
parr stages with BH functions. 

Smolt 

Early and late migrating parr are recruited to the smolt stage using a BH function that has a fixed 
capacity, but has productivity varying with fish length fall and percent cobbles and boulders. 

Mainstem 

Smolts leaving the system are modeled with a density-independent survival rate. The mechanism 
for survival is currently a rate equivalent to the average passage survival in the mainstem. The 
intention is to implement a mechanistic model where survival varies with mainstem actions at the 
hydro-electric dams, as well as predicted flows, and to merge life cycle model functionality with 
on-going work in mainstem survival estimation.  

Ocean 

Fish that leave the mainstem enter the ocean in spring and spend up to four years in the ocean, 
making returning fish 3-6 years old. Each year at the time of spawning migration, a portion of 
ocean-rearing adults return to spawn. The probability that a fish returns to spawn is a fixed rate 
such that the number of returning adults is consistent with empirical patterns. Fish of a given 
number of ocean residency years that do not return to spawn spend an additional year in the 
ocean. After the fourth year in the ocean, all remaining fish from a brood year return to spawn. 
Each year in the ocean, the survival is predicted by a BH function with productivity varying with 
ocean conditions such as PDO, SST, or upwelling, depending on the year in the ocean. For 
generality, the a BH function is used so that density dependence can be incorporated, but it is not 
expected that ocean survival will realistically be density dependent, so capacity will effectively 
be assumed to be infinite. 



2.2.2 Policy optimization with life cycle models 

 8 

Alternatively, a separate ocean life cycle model will be integrated with the CRITFC model. The 
AMIP group is set to arrive at a consensus on a standard ocean predictive model. Once this 
integration is achieved, the CRITFC model will no longer require explicit ocean modeling, but 
rather it will feed information directly into the AMIP model to obtain age of ocean returns in a 
given year. 

Habitat condition model description 

Habitat models predict the values of environmental variables that influence productivities and 
capacities at various stages of the population model, i.e., the X’s and Y’s used in BH 
relationship. The models predict changes in future habitat and stream conditions as functions of 
management actions. Take for example a stream segment (or reach) identified as a distinct 
population unit for the purposes of spawning or rearing. If the reach’s historical water 
temperatures were above average and having a negative impact on spawning success or rearing 
survival, a management action would be to cool the reach during critical periods of survival. If, 
for example, the water temperature were partly predicted by shading from trees, then increased 
shading would decrease the water temperature. To achieve the increase in shading, the 
management action would be to plant more trees near the streams.  

Figure 4 shows hypothetical functional relationships between forest age and the density-
independent productivity parameter. Forest height increases asymptotically with age, shade 
increases asymptotically with height, temperature decreases with shade, and ultimately 
productivity decreases with temperature, so aging forests should have increasing productivities. 
Figure 5 shows the simulated time series of average age, height, shade and temperature for 10 
levels of riparian planting. The simulation assumes that a stream segment has riparian forest 
covering only 30% of its length and the resulting average age of the entire reach is 30 years. 
Planting rates represent action on the portion of unplanted area, so a planting rate of zero does 
nothing and a planting rate of 1 initiates new forest on all of the currently unforested area. Age 
obviously increase linearly, but at a higher rate with more planting. Height is predicted with a 
sigmoidal growth function and shading reaches a maximum of 100% canopy closure at a target 
height. Temperature drops significantly faster with increases in planting. Overall, investment in 
planting yields disproportionately higher dividends in productivity with each additional amount 
planted (see Figure 6).  
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Figure 4: Functional relationship between forest height and productivity. The upper left panel 
shows forest height as a function of age. The upper right panel shows shade increasing as a 
function of height. The temperature shade relationship is shown in the lower left panel. Finally, 
the productivity is predicted to decline with temperature.  
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Figure 5: Relative increases in factors that ultimately affect productivity. The upper left panel 
shows the average age of the forest over time as planting occurs at ten different levels of 
intensity. The remaining panels show predicted height, shade and temperatures at those same 
levels of planting intensities. 
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Figure 6: Change in productivity over time with increased riparian planting.  Each line represents 
a different level of riparian planting. 

Policy optimization 

One of the main intended uses of the CRITFC model is a search for policy options. For this 
reason the model will be used not only as a population response predictor, but also as a 
management action optimizer. Since productivity and capacity can potentially be predicted by 
functional relationships, the assumptions and parameters that make those predictions may have 
some counterintuitive emergent properties when viewed from a population perspective. To 
examine these effects, we modeled population response to these changes across a range of 
management levels and examined the relative benefit of different levels of action. An example is 
given below where a population trend is simulated from an initial spawning density and a BH 
stock recruitment function that assumes only a single stage where conditions at the spawner to 
egg stage are variable.  

Because of the non-linearity in the functional relationships that translate age into productivity, 
one would expect investment into planting to yield dividends in population growth. This may not 
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be the case if density dependence is limiting recovery. Figure 7 shows the result of simulating 
the recovery across a range of assumptions. The upper left panel shows planting rates of 10-
100% on a stream segment that is currently only 30% forested with an average age of 30 years 
(the forested area is about 100 years old). Each line shows the potential factor that the population 
could increase across 1-10 fold increases in the level of assumed density dependence. In all 
panels, more density dependence results in less benefit from planting (despite known increases in 
productivity). From top to bottom, and left to right, the panels represent 30, 40, 50 and 60 year 
assumed starting ages. In almost all cases (though to different degrees), planting more helps with 
recovery, although only the forest that starts out the youngest does not reach an asymptote in its 
recovery rate. The extreme case in the lower left shows a situation where the forest is already 
fairly old and in nearing its asymptote. 

The simple policy profiles contrasted in Figure 7 show that the potential outcomes of investment 
in habitat restoration may not be linear if the underlying relationships follow the hypothetical 
case illustrated here. This example is greatly simplified, but represents the strategic 
considerations that may ultimately be warranted, both in terms of the optimal magnitude of 
management action, as well as the potential spatial allocation of efforts. The example in Figure 7 
shows the effect of multiple levels of management actions on four different initial forest 
conditions that are assumed to apply to the entire sub-population assemblage the makes up the 
population as a whole. Were it to represent four distinct sub-populations, then each one would 
have its own optimal policy, and rather than look for one value of the fraction of unplanted area 
that should be planted to initiate riparian forest, there would be four separate fractions that would 
need to be combined to predict the maximum population recovery. If one area yields less 
recovery potential for a single unit planted than another area, then that trade-off would be 
quantified with this approach. The relative gains by planting in one spatial area versus another 
are functions of density, capacity, and current conditions. In the example shown, the upper left 
panel would benefit the most from planting, and the lower right panel would not benefit from 
planting. 

The visual representation of the benefits of planting illustrated is just one of many such 
relationships that CRITFC aims to address. In addition to riparian planting, the model will 
address flow enhancement, barrier removal, road decommissioning, and the addition of coarse 
woody debris. Beyond the visual illustration of the “Action/Benefit” analysis, the model will 
incorporate optimization, which is an analytical method of finding the steepest portions of the 
recovery vs. action curves. In most cases, recovery initiatives are limited by financial resources, 
so strategies should ultimately focus on the amount of benefit per unit investment. The trade-off 
analysis could then be performed using cost. An optimization routine will be developed that can 
search for both the amounts and the spatial allocation of habitat enhancements such that 
resources are allocated in such a way as to achieve the most expedient possible population 
recovery.
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Figure 7: Net-fold increase in population in 50 years following planting of riparian forest. 
Simulations assume 30 percent currently forested. Top row is a current forest age of 30 and 40 
years. Bottom row represents simulations with 50 and 60 year old average age. Each line 
represents and assumed increase in density dependence, with the solid line representing a 
minimal amount of density dependence. 
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Chapter 2.3: Salmon Subbasin Integrated Status and Effectiveness 

Monitoring Project Watershed Model – lemhi River 
 

Chris Beasley (Quantitative Consultants, Inc.), Jody White (Quantitative Consultants, Inc.), 

Chris Jordan (NOAA Fisheries), Matt Nahorniak (South Fork Research, Inc.) 

 

2.3.1 Introduction 

The Comprehensive Analysis of the Federal Columbia River Power System and 

Mainstem Effects of Upper Snake and Other Tributary Actions (Action Agencies 2007; 

Attachment C-1-31, page 854) notes an “absence” of life cycle models to estimate habitat quality 

and freshwater survival benefits for anadromous salmonids. The authors noted that life-cycle 

models were precluded from the document owing to a “…lack of time, resources, and data to 

populate and run the models.” In the absence of such models, a simple logic path was developed 

wherein habitat restoration actions are targeted to address habitat factors that directly limit 

“…the freshwater survival or productivity of a population.” Notably, the authors list a number of 

assumptions that accompany this logic path: 

1. Limiting factors are known for each population. 

2. Habitat actions directly affect habitat variables that limit the population. 

3. Habitat variables can be combined to describe local habitat conditions. 

4. Local habitat conditions can be combined to describe overall habitat quality for the 

entire population. 

5. Changes in overall habitat quality are directly linked to changes in freshwater 

survival. 

Utilizing these assumptions and the input of local biologists, estimates of expected 

survival improvements from the egg to smolt life history stage were generated for a number of 

Columbia River Basin anadromous populations. 

The Integrated Status and Effectiveness Monitoring Project (Bonneville Power 

Administration (BPA) Project Number 2003-017-00, or ISEMP) was developed to address the 

lack of quantitative fish-habitat relationships in the design and implementation of tributary 

habitat restoration strategies under the BPA and Northwest Power and Conservation Council’s 

Fish and Wildlife Program.  The objective of ISEMP was to develop metrics of tributary habitat 

and freshwater rearing life stages that could be quantified through standard monitoring practices 

and incorporated into reach and population scale production and capacity relationships.  Of 

particular relevance for the AMIP Life Cycle Model development process is the ISEMP 

watershed model.   

The ISEMP watershed model was developed to quantitatively identify limiting factors, 

simulate alternative restoration scenarios, and evaluate the efficacy of completed restoration 

actions. The model is based on a Beverton-Holt stock recruit relationship (Beverton and Holt 

1957) modified to include life stage specific survival (Moussalli and Hilborn 1986). Sharma et 

al. (2006) further modified the life stage specific Beverton Holt model to include the interactions 

of habitat, hatchery production, harvest, and climate forcing variables. Our application of this 

model differs from prior implementations as follows: 
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1. We include greater flexibility in age at smolting in order to better represent the 

complexities of Oncorhynchus mykiss life history – including a probability of remaining 

as a resident individual with the potential to spawn. 

2. We include a cross-site migration model, which enables the user to specify the 

probability that individuals in a specific site will remain in that site or migrate to other 

sites. This model allows for re-colonization and/or source/sink dynamics. 

3. We updated the hatchery affects simulations to reflect the analytical approach adopted by 

the Hatchery Scientific Review Group (2009). 

4. We expanded the model to allow up to 12 sites (e.g., tributaries, subwatersheds, or 

watersheds) to be modeled simultaneously and interact with one another.  

5. We included the capacity to model habitat changes as a step function (i.e., instantaneous 

change in condition, such as the removal of a barrier) or a time based trend (i.e., more 

gradual improvement or degradation of habitat conditions, such as riparian planting). 

6. We increased the flexibility of habitat parameters to allow direct empirical measurements 

in addition to or in place of estimated attributes based on remote sensing data (e.g., land 

use classifications). Ultimately, the utility of these alternative approaches will be assessed 

by their information value with regard to fish/habitat relationships. 

ISEMP implementation in the Salmon River Subbasin (Lemhi River and South Fork Salmon 

River) was designed to allow the watershed model to be fully populated with empirical data. 

Initially, this means that the model is most applicable to those locations. The model will be 

populated with a single brood year of information for these locations in 2013. At that time we 

intend to empirically generate fish and habitat relationships and identify which of those 

relationships are “exportable” to other subbasins and identify minimum data requirements to 

effectively utilize the model. Ultimately, these efforts are intended to allow a more generalized 

version of the model to be cost-effectively deployed across the Columbia River Basin. 

Transferability of the model to other watersheds will be assessed by testing the sensitivity of 

model results to differing data types by utilizing information collected by ISEMP in the John 

Day and Wenatchee/Entiat. The model is currently programmed in R statistical language. Model 

reduction will commence in 2013, and we anticipate the development of an exportable model in 

2014. 

Although not demonstrated in this report, the ISEMP watershed model is compatible with 

other Adaptive Management Implementation Plan (AMIP) Life Cycle Modeling (LCM) models; 

including climate change models and hydrosystem survival models. 

2.3.2 Application of the Watershed Model in the Lemhi River 

The Lemhi River (Salmon Subbasin, Idaho) is substantially influenced by irrigation 

withdrawals. At the initiation of the Salmon Subbasin ISEMP project in 2009, only two of the 30 

major tributaries of the Lemhi River maintained a continuous hydraulic connection to the 

mainstem Lemhi River.  Regional management agencies identified the loss of tributary habitat as 

a factor limiting the productivity of spring/summer Chinook salmon and steelhead. Following 

this finding, significant BPA funding has been allocated towards “reconnecting” tributary habitat 

historically important for Chinook salmon and steelhead production and improvements in 

existing habitat.  The 2008 BiOp estimates that Lemhi River habitat restoration actions are 
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anticipated to achieve a 3% and 7% increase in egg to smolt survival for steelhead and 

spring/summer Chinook salmon (O. tshawytscha), respectively. As it is unlikely that funding and 

logistics will enable the reconnection of all Lemhi River tributaries, the model will be used to 

simulate alternative scenarios to assist in prioritizing tributaries for reconnection and to identify 

alternative or additional habitat restoration actions that could achieve the egg to smolt survival 

improvements identified in the BiOp. Also, the application of this tool will enable managers to 

evaluate which habitat restoration investments have delivered the anticipated benefits in 

freshwater productivity. 

2.3.2.1 Response Design 

The ISEMP watershed model is an extension of the life stage specific Beverton-Holt 

model (Moussalli and Hilborn 1986) modified to explicitly link survival to habitat attributes 

(Sharma et al. 2006). Development of this modeling approach largely relied on decomposition of 

readily obtainable remote sensing data (e.g., land-use classifications) into in-stream habitat 

features, for which capacity and quality were “scaled” relative to a reference condition. 

Similarly, prior model implementation largely relied on indirect measures of adult abundance 

(e.g., redd counts) and indices of juvenile abundance (e.g., snorkel surveys). This approach 

sufficiently demonstrated the applicability of the model as a tool to assess the effectiveness of 

habitat actions, however it was clear that more detailed information would be necessary to detect 

the relatively small changes in freshwater survival resulting from habitat restoration within the 

timeframe of the BiOp evaluation. Thus, implementation of ISEMP in the Salmon River 

Subbasin was structured to estimate fish and habitat metrics to directly populate the model.  

2.3.2.2 Fish Monitoring 

   Both the Lemhi River and the Secesh River had extensive preexisting fish monitoring 

projects, thus ISEMP implementation focused on identifying and addressing data gaps. ISEMP 

implemented two novel designs (see QCI 2012 for greater detail): 

1. Decomposition of aggregate Lower Granite Dam (LGD) adult spring/summer Chinook 

salmon and steelhead escapement into sex and age-structured population/tributary 

specific escapement estimates. 

2. Remote-site juvenile enumeration and tagging surveys to estimate the “standing crop” of 

juvenile salmonids prior to emigration. 

 Briefly, age and sex structured adult escapement estimates for the Lemhi River and 

Secesh River are generated by PIT tagging a known fraction of natural origin adult 

spring/summer Chinook salmon and steelhead as they ascend LGD. Detection of adults at 

instream PIT tag Detection systems (IPTDS) allows a simple expansion utilizing a Bayesian 

patch occupancy model. Tissue samples obtained during PIT tagging at LGD are assayed to 

determine sex of tagged individuals, and scale samples are analyzed to determine age. Thus, 

adult escapement can be estimated with high precision (e.g., coefficient of variation typically 

<10%) and can be parsed by brood year of origin. Reproductive potential of escapement in a 

given calendar year (e.g., potential egg deposition) is estimated based on the number and age of 

escaping females. In the Lemhi River, population level age and sex structured adult escapement 

can be further decomposed into treatment and reference areas. 

Remote-site juvenile enumeration and tagging surveys are utilized to representatively 

capture, enumerate, and PIT tag juvenile spring/summer Chinook salmon and O. mykiss. Surveys 
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are distributed throughout the geographic range occupied by anadromous salmonids using a 

generalized random tessellation stratified (GRTS) design (Stevens and Olsen 2004). Distribution 

of this effort using GRTS enables the estimation of life-stage specific juvenile abundance for 

individuals greater than 45mm at the population scale (i.e., “parr” and subsequent life-stages) 

and in individual treatment and reference locations. Likewise a marked to unmarked ratio can be 

generated at the spatial scale of the population and in treatment and reference reaches. 

Subsequent recapture of tagged juveniles in remote-site surveys and rotary screw traps 

accompanied by “re-sight” information from strategically located IPTDS enables life-stage 

specific survival estimates to be generated for the population and in treatment and reference 

locations. Tissue and scale samples are collected from PIT tagged individuals enabling an 

estimate of the sex and age structure of the standing juvenile population, which can be contrasted 

with the age and sex structure of emigrating juveniles. Over time, this contrast in age structure 

will allow us to partition resident versus anadromous O. mykiss production. 

2.3.2.3 Habitat Monitoring 

Habitat monitoring in the Lemhi River and Secesh River are distributed within the same 

GRTS sample frame as fish monitoring effort. This overlap allows fish and habitat relationships 

to be directly developed at the site, tributary, and population scales. Beginning in 2011, habitat 

sampling effort was modified to conform to the Columbia Habitat Monitoring Project protocol 

(CHaMP; BPA project number 2011-006-00), which is largely compatible with prior ISEMP 

sampling efforts. These efforts allow direct estimation of habitat attributes in treatment and 

reference areas that can be used to directly populate the watershed model and develop fish and 

habitat relationships. 

2.3.2.4 Relationship between Habitat Restoration and the Response Design 

There are a total of 22 types of habitat restoration actions that being actively implemented 

in the Lemhi River. The majority of these actions are intended to enable anadromous salmonids 

to access and utilize tributary habitat that was disconnected from the mainstem Lemhi as a result 

of irrigation withdrawals. Lemhi River managers identified “high priority” watersheds as 

primary targets for reconnection/restoration efforts based on existing information describing 

habitat conditions in concert with the logistical feasibility of obtaining successful tributary 

reconnections; for example, the number of flow enhancement or alternative water diversion 

projects necessary to maintain instream flow, and taking into account their costs. ISEMP, in 

collaboration with the co-managers and federal agencies is tasked with evaluating the 

effectiveness of high priority watershed reconnections, and identifying whether additional 

tributary reconnections (“moderate priority” watersheds) will be necessary to achieve the 

freshwater productivity improvements identified in the BiOp. Figures 1-3 illustrate how the fish 

and habitat response designs overlay existing (reference), high (treatment), and moderate 

(reference/potential treatment) priority locations. 
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Figure 1. Map of the Lemhi River identifying habitat available at the inception of the ISEMP 
project and the abundance of juvenile Chinook salmon at sites sampled in existing, high, and 

moderate priority tributaries identified for possible reconnection. 
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Figure 2. Map of the Lemhi River identifying habitat available at the inception of the ISEMP 
project and the abundance of juvenile O. mykiss at sites sampled in existing, high, and moderate 

priority tributaries identified for possible reconnection. 
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Figure 3. Map of the Lemhi River summarizing a subset of habitat attributes in existing, high, 
and moderate priority tributaries identified for possible reconnection. 

2.3.3 Model Description 

 

The model follows the Beverton-Holt spawner recruit model (Beverton and Holt 1957) as 

has previously been implemented for modeling life stage population dynamics for salmonid 

populations (Yuen and Sharma, 2005; Mousalli and Hilborn, 1986).  The basic structure of the 

Beverton Holt model is as follows: 

 

            
      

 

      
 

 

      
      

         (2.1) 

 

where N
i,t 

is the number of individuals alive at the beginning of life history stage i at time t for 

site k.  p
k,i,t 

is the “productivity” at stage i (the maximum survival rate from stage i to i +1 at site 

k) and c
k,i,t 

is the “capacity” (the maximum number of individuals that could survive from stage i 

at time t to stage i+1 at time t+1).  Note that within the salmon model, certain life stages occur 

within the same year as previous life stages, while others occur the following year.  Thus, the 

subscript on t in the above equation will sometimes be the same on the left and right sides of the 

equation, while in other cases it will be incremented by one. 
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Productivity at time t for site k is modeled as: 
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where: 

pk,I,t = density independent productivity (maximum survival rate) for stage i dependent on the 

relative importance / relationship between productivity and land use in that stream (QCI 2006). 

Ei,q= Scalar (0-1) showing the importance of land-use type (q) for overall productivity (see Table 

2-2 in QCI 2006).   

Lq,k= the percent of area in land use class q at time t. 

Srk,i,t =  site and time specific average maximum survival rate from one stage to the next in the 

fresh-water life history of the species given average conditions (see Table 2-5 of QCI 2006) 

under a baseline in the best possible habitat suited for their survival.  

 

Capacity at time t for site k is at life stage i is modeled as: 

 

        ∑ [                ]
 
           (2.3) 

 

where Hk,j,t is the fraction of habitat type j in watershed k at time t, and Dk,j,i,t is the area, in 

square meters, of habitat type j at site k, during life stage i, at time t.  Hk,j,t is modeled as: 

    

              ∑ [               ]
 
         (2.4) 

 

which can be re-written as  

 

         ∑ [         [            ]]
 
         (2.5) 

 

 

The product              (area by land use category) is entered as a single user input (as 

shown in table 2-2 of QCI, 2006). Similarly Mk,j,q,t is a simple conversion from land use category 

into habitat type (e.g., pool, riffle, run). Alternatively, if empirical habitat metrics are available, 

they can be directly entered into the model. For example, rather than decomposing land-use 

classes into habitat, we utilized direct measures of the amount of fast-turbulent, fast-non-

turbulent, and pool area in the following model demonstrations for the Lemhi River. In this case, 

those values reflect empirical measurements of those habitat attributes from ISEMP and 

Columbia Habitat Monitoring Protocol (CHaMP) surveys conducted in the Lemhi River. 

 

Certain life stages are dependent on a prior life stage within the same year.  Other life 

stages are dependent on the prior life stage during the previous year.  Nomenclature for this 

section is in the same format as is used in the R-code in which this algorithm is implemented.  

Subscripting is not used within R code.  Instead, indexes appear within brackets.  For example, 



2.3 ISEMP Watershed Model – Lemhi River  

 

9 

 

N[k, i, t] refers to the salmon population at site k for life stage i and time t.  The life stages for 

i=1 to 17 are shown table 1. 

 

Table 1. Life stage annotation and description. 

 

 
 

2.3.3.1 Number of Spawners at time t 

Modeling fish populations starts with an assumed number of fish, by life stage, by site, at 

time zero.  The number of spawners at time t+1, as well as the average fecundity of these 

spawners, will be the last in the series of Beverton Holt calculations performed for each time 

step.   

 

2.3.3.2 Life Stage 2: Spawner to Egg at time t 

The number of eggs at year t is a function of the number of spawners at year t, the 

spawner capacity of the site, and the productivity.  Unlike other life stages, the productivity 

(fecundity, in this case) will be dependent on the distribution of ages of the mature fish that 

return to spawn.  Fecundity by age is user specified.  The Beverton-Holt equation, used to 

calculate the number of eggs at time t, for site k, is implemented as follows:   

  

 N[k,2,t]=N[k,1,t] / (1/p[k,1,t]+ 1/c[k,1,t] *N[k,1,t])     (2.6) 

 

Note that the “2” refers to the 2
nd

 life stage (egg) as specified in table 2.1. 

 

2.3.3.3 Life Stage 3: Egg to Fry at time t+1 

Fry are produced from the previous year’s eggs.  The number of fry at time t+1 for site k 

is calculated, via the Beverton-Holt model, as: 

 

 N[k,3,t+1] = N[k,2,t] / (1/p[k,2,t]+ 1/c[k,2,t] *N[k,2,t])    (2.7) 

 

2.3.3.4 Life Stage 4: Fry to Parr at time t 

The number of parr are calculated from the current year’s fry as: 

 

 N[k,4,t] = N[k,3,t] / (1/p[k,3,t]+ 1/c[k,3,t] *N[k,3,t])     (2.8) 

Life Stage Description

1 Spawners

2 Egg

3 Fry

4 Parr

5 Presmolt

6 Smolt

7 Smolt Survival to Ocean

8 Adult - Ocean Age 1

9 Adult - Ocean Age 2

… …

12 Adult - Ocean Age 5
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2.3.3.5 Life Stage 5: Parr to Pre-Smolts 

Steelhead, unlike other species of Pacific salmon, may remain in freshwater for years 

before they smolt (attempt to migrate to the ocean).  Or they may never migrate to the ocean, and 

thus become “resident rainbow trout”.  Enabling tracking for the generalized case requires some 

additional modeling steps, as well as additional user inputs. We deal with this complexity by 

allowing multiple years of freshwater residency as “pre-smolt.” 

 

Pre-smolts at time t may come from two “sources:” parr that have survived into pre-

smolts, or pre-smolts from previous years that have neither migrated to the ocean nor returned to 

spawn as “resident rainbows.”  Species other than steelhead generally smolt (attempt their 

migration to the ocean) with 100% probability at the next time step after becoming a pre-smolt.  

Steelhead and other species are modeled via the same code in the watershed model; the 

differences are accounted for in the input file by specifying probabilities of smolting by pre-

smolt age.  By specifying 100% probability of progressing to the smolt life stage (or rather 

attempting to survive the progression to this life stage) at pre-smolt age 1, the pre-smolt 

algorithm implicitly reduces to the simplified non-steelhead form of the model. 

 

The remainder of this description of the pre-smolt life stage assumes the more complex, 

generalized model, suitable for steelhead modeling. 

 

Keeping track of the number of pre-smolts, the age distribution of pre-smolts, etc. 

presents some difficulties.  We must assume, for example, that the capacity of a site for pre-

smolts is reduced if a greater percentage of pre-smolts are older and therefore larger.  And we 

must make some assumptions about which fish, attempting to enter or remain at the pre-smolt 

life stage, will compete successfully for the limited capacity.  The watershed model deals with 

these complexities in the following manner. 

 

First, a variable N5 was included to account for pre-smolts by pre-smolt age (i.e. the 

number of time steps a fish has remained as a pre-smolt).  N5[k, i5, t,] is the number of pre-

smolts at site k, at “pre-smolt age” i5, for year t.  (The “5” was used as pre-smolt is the 5
th

 life 

cycle tracked in the model).  i5=1 indicates a “new” pre-smolt (just progressed to pre-smolt from 

parr), while i5=2 or greater indicate pre-smolts that have remained additional years as pre-

smolts. 

 

N5.Psmolt[i5] is a user specified input vector indicating the probability that a fish will 

move from pre-smolt to smolt (i.e. attempt to migrate to the ocean) at pre-smolt age i5.  For non-

steelhead, this can simply be set to 1 for i5=1.  For steelhead, this may range from 0 to 1. 

N5.cap[i5] is a user specified vector of scalars representing the additional capacity per fish  

required for pre-smolts, by pre-smolt age, relative to “new” pre-smolt.  For capacity 

considerations, a single pre-smolt at pre-smolt age i5 will be counted as N5.cap[i5] pre-smolts.  

In other words, the actual capacity, as measured in actual number of fish, will be less for a 

distribution of fish ages than it would be for a population of new pre-smolts only.  The actual 

capacity (maximum number of pre-smolts a site could hold) will be adjusted based on the 

additional capacity required for each fish as it grows while staying in the pre-smolt life stage.  

These capacity adjustments are user specified. 
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Just as the capacity requirement may change for pre-smolts that remain as pre-smolts for 

multiple years prior to migrating (or dying or spawning), the probability of surviving from one 

year to the next is likely to be a function of pre-smolt age.  SR5[i5] is a vector of survival 

probabilities for pre-smolts, by pre-smolt age. Again, this vector is user specified. 

With the additional parameters as specified above, Beverton-Holt calculations for the number of 

pre-smolts at time t+1 are implemented as described below. 

 

Step 1: Candidate Fish 

The number of “candidate” fish at time t seeking to become pre-smolts at time t+1 

includes all fish at life stage 4 (parr) and all pre-smolts that do not migrate to the ocean.  For 

capacity calculations, the pre-smolts that stay in freshwater are counted as more than one fish by 

scaling by age via the values in the vector N5.cap[i5] 

 

CandidateFish = N[k,4,t] + sum(N5[k,1:10,t]*(1-N5.Psmolt)*N5.cap)  (2.9) 

 

Scaling by N5.cap results in CandidateFish being counted in terms of “equivalent first year” pre-

smolts.  This concept may be helpful in understanding the logic behind the calculations. 

 

Step 2: Weighted Average for Candidate Survival Probability 

The probability of survival for these potential pre-smolts for time t+1 is taken as a 

weighted average of the survival probabilities of the parr and presmolts at time t, seeking to 

become (or remain) presmolts at time t+1: 

 

  SR5.Candidate = (N[k,4,t]*Sr[4]+sum(N5[k,,t]*(1-N5.Psmolt)*SR5))/ 

         (N[k,4,t]+sum(N5[k,,t]*(1-N5.Psmolt)))   (2.10) 

 

It is seen in, Eq. 2.10, that the survival probabilities are weighted by the number of candidate fish 

vying to become or stay as pre-smolts.   

 

Step 3: Weighted Average for Candidate Productivity 

The productivity is then calculated in the normal manner, using the weighted survivability from 

above: 

 

 pN5 = SR5.Candidate*(sum(Prod_Scalar[,5]*L[k,,t])/sum(L[k,,t]))   (2.11) 

 

Note that the productivity scalar (“E” in QCI 2006) is assumed to not be a function of the age 

distribution of pre-smolts. 

 

Equivalent first year pre-smolts 

The total number of “equivalent first year” pre-smolts is then calculated based on the 

Beverton Holt model.  These are “equivalent first year” rather than actual, because older fish will 

count as more than one first year equivalent fish. 

 

 N[k,5,t+1] = CandidateFish  / (1/pN5 + 1/c[k,5,t] *CandidateFish)   (2.12) 
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Calculating the Number of Presmolts by Age 

In order to calculate the number of presmolts by age, we assume that survival from one 

presmolt stage to the next is proportional to the number of fish attempting to enter each presmolt 

age (i5) and the survival probability of the candidate group transitioning to presmolt. N5temp is a 

temporary variable used to calculate relative frequencies of pre-smolts by presmolt age, which is 

then scaled such that the total first year equivalent fish in N5temp is equal to N[k, 5, t+1] while 

retaining the relative distribution of ages. 

 

Since for i5=1 the candidate fish are maturing parr, N5temp[1] is as follows: 

 

 N5temp[1] = N[k,4,t]*Sr[4]        (2.13) 

 

For the remaining pre-smolt ages, the candidate fish come from pre-smolts from the prior year: 

 

  N5temp[i5] = N5[k,i5-1,t]*(1-N5.Psmolt[i5-1])*SR5[i5-1]     (2.14) 

             

N5 temp contains the appropriate ratios for each pre-smolt age, but must be scaled such that the 

total equivalent first year pre-smolts match that calculated by Eq. 2.12.  These values are then 

stored as N5 at time t+1 by: 

  

 N5[k,,t+1]= N5temp *(N[k,5,t+1]/((sum(N5temp))*N5.cap))   (2.15) 

 

Note: For non-steelhead species, all of the above equations and calculations are carried out; 

however, the probability of transitioning from pre-smolt to smolt at pre-smolt age 1 will be 1, 

and the result of the calculations are equivalent to those that would be produced from a simple 

Beverton-Holt model for life stage 5; as follows: 

 

N[k,5,t+1] = N[k,4,t] / (1/p[k,4,t]+ 1/c[k,4,t] *N[k,4,t])    (2.16) 

 

This completes the estimate for pre-smolt population at time t+1. 

 

In steelhead modeling, there is also some non-zero probability that a pre-smolt will never 

migrate to the ocean, and instead spawn after some number of years as a pre-smolt.  These are 

termed “resident rainbow trout”.  To model this, there is a user specified probability that a 

presmolt of a given presmolt age will spawn (instead of either remaining as a presmolt or 

migrating to the ocean).  At the conclusion of the pre-smolt calculations, a fraction of presmolts, 

at each presmolt age i5, are “removed” from the population and designated as spawners, 

according the following: 

 

RainbowSpawners[i5] = N5[k,i5,t]*N5.Pspawn[k,i5,t]    (2.17) 

 

This same number of fish is then subtracted from the pre-smolt population for each life 

stage.  These resident rainbow spawners will be added to the total number of spawners, and the 

fecundity of these spawners factored into the total average fecundity of spawners (see section 

2.10). 
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2.3.3.6 Life Stage 6:  Smolts (life stage 6) at Time t 

Since smolts (fish attempting to migrate to the ocean) arise from a distribution of pre-

smolt ages (at least for the generalized steelhead model), the number of “candidate” smolts is the 

sum of the product of the number of pre-smolts at each life stage and the probability of smolting, 

by pre-smolt age.  This is modeled as follows: 

 

 CandidateN6 = sum(N5[k,,t]*N5.Psmolt)      (2.18) 

 

from which the normal Beverton-Holt relationship is used to estimate the number of smolts at 

time t.  Note that, at this point, there is no assumed dependence for capacity or production on the 

distribution of the ages of pre-smolts advancing to smolts.   

 

 N[k,6,t] = CandidateN6 / (1/p[k,5,t]+ 1/c[k,5,t] * CandidateN6)   (2.19) 

 

2.3.3.7 Life Stage 7: Smolt to Adult 

Beyond life stage 6, we assume that distribution of pre-smolt ages for a given fish 

population is irrelevant; and the number of years spent as pre-smolt is ignored.  The number of 

smolts successfully migrating to the ocean is based only on the probability of surviving 

migration through the mainstem Snake and Columbia rivers. Survival values for this life stage 

will utilize observed survival estimates (e.g., from the comparative survival studies project (CSS) 

BPA Project Number 1996-02-00) or other modeling approaches utilized by the Life Cycle 

Monitoring workgroup (e.g., Chapters 6 and 7 of this document).      

 

2.3.3.8 Life Stage 8: Ocean Age 1 

The number of fish surviving to life stage 8 (ocean age 1), is calculated as follows: 

 

 N[k,8,t+1] = N[k,7,t] / (1/o[1] + 1/c[k,7,t] *N[k,7,t])    (2.21) 

 

The variable “o” is used to track the ocean survival probability by ocean age.  This is also a user 

specified vector.  The model accounts for ocean ages up to 10 years, starting as life stages 8.  The 

life stage index, i, indexes from 1 to 17.  Thus the life stage index “i-7” is used as the index for o, 

and o[k,i-7,t] indexes from o[k,1,t] to o[k,10,t]. 

 

2.3.3.9 Life Stages 9+: Adult Salmon 

 Salmon will continue to move from adult ocean age salmon to the next age of salmon 

according to capacity (c) and survival (o) for the given life stage i, except that a certain fraction 

at each ocean age will mature and, rather than remain in the ocean to reach the next ocean age, 

will return to the watershed to attempt to spawn.  Mat8Plus is a vector of probabilities that a fish 

of ocean age i-7 will “mature” (return to spawn) at life stage i (i.e. ocean age i-7).  Mat8Plus is a 

vector user specified values for each site. 

 

N[k,i+1,t+1] = (N[k,i,t]*(1-Mat8Plus[k,i-7,t])) /   

   (1/o[k,i-7,t] + 1/c[k,i,t] *N[k,i,t]*(1-Mat8Plus[i-7])) (2.22) 
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 2.3.3.10 Spawners: Adult to Life Stage 1 

 As described above, spawners come from the portion of adult fish that reach maturation 

at a given ocean age i-7.  The variable “NT” is created to track potential spawners by ocean age 

(i-7). 

 

NT[k,i-7,t+1] = (N[k,i,t]*(Mat8Plus[k,i-7,t]))  /     

(1/o[i-7] + 1/c[k,i,t] *N[k,i,t]*(Mat8Plus[k,i-7,t]))    (2.23) 

 

The total number of spawners is thus the sum of NT, less the fraction harvested; as well as the 

number of spawning “resident rainbows:” 

 

 N[k, 1, t+1] = sum(NT[k,,t+1]) * (1-harvest.wild[k,t])  

+ sum(RainbowSpawners)      (2.24) 

 

Note that for non-steelhead modeling, the probability of a “resident rainbow” (a pre-smolt that 

spawns without having migrated to the ocean) will be user specified as zero. Finally, the 

fecundity of the spawners is a weighted average of the fecundity of the spawning fish (by ocean 

age and resident rainbow age), as follows: 

 

Fecund[k,t+1] =  (sum(NT[k,,t+1]*Fc.by.O.Age[k,,t+1]) +            

sum(RainbowSpawners*N5.Rainbow.Fecundity[k,,t+1]))   /                      

(sum(NT[k,,t+1])+sum(RainbowSpawners))      (2.25) 

 

 The fecundity by ocean age (for returning steelhead) and “pre-smolt age” (for resident 

rainbows) are user specified values in the input files. The fecundity at time t+1 will factor into 

the site productivity for spawner to eggs for the next time cycle, as the survival parameter on a 

per-fish basis. Note that fecundity is on a per-fish, rather than per-female fish, basis. 

 

 2.3.3.11 Cross-Site Migration 

 When more than one site is modeled in parallel, the watershed model assumes there is a 

non-zero probability that a fish at a given life stage will emigrate from one site to another site.  A 

user input file is used to specify these probabilities, and after each iteration of the full Beverton-

Holt sequence (across all life stage), a fraction of the populations at certain life stages is re-

assigned to another site based on these probabilities.  Matrices describing the fraction of fish that 

migrate from each site to each other site, by life stage, are user specified. 

 

 2.2.12 Stochasticity 

 Stochasticity is included the model for two purposes:  1) to quantify uncertainty in the 

results stemming from uncertainty in the inputs, and 2) to quantify variability in the results due 

to variability in the input parameters.  This variability includes temporal variability, site to site 

spatial variability, and within site variability.   

 

 We refer to uncertainty in inputs as “run to run” variability or uncertainty.  Each “run” 

refers to a single iteration of the watershed model.  The Monte-Carlo simulation will run the 

model multiple times, each time randomly selecting values of each parameter based on a user 

specified mean and uncertainty and a fixed distribution type (either normal or Dirichlet, 
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depending on the parameter being specified).  Time based variability is referred to as “year to 

year” or “temporal” variability.  Spatial variability (within each year) is referred to as “site to 

site” variability.  Within site, within year variability is referred to as “within site” variability. 

 

 Specifying variability components in this way has the advantage of forcing correlation 

structures in the model, which may have important impacts with respect to the results.  These 

correlation structures undoubtedly better describe reality than a model which fails to account for 

correlation among variables within a site, within a year, within a run, etc.     

 

 2.3.3.13 Time Based Changes for Input Parameters 

 The model supports two types of “change” functions; continuous time based trends, step 

functions, or a combination of the two.  

 

 Continuous time based trends in habitat conditions (mean shifts over time) are modeled 

using an exponential growth / decay model of the form: 

 

        (          )    
            (2.26) 

 

Where    is the value of the parameter mean at time t,    is the  parameter mean at time 0, 

        is the target (long term future mean value) of the parameter, and   is the rate parameter 

which controls the rate at which the parameter mean changes from   to   .   
 

 Using an exponential function, as opposed to a simple linear model for time trends, 

provides a flexible approach for describing how parameters change over time.  Many natural 

processes may be modeled in this manner.  For example, a step change in management practice 

of a site within a watershed may lead to a change in land use categorization that initially changes 

quickly, but over time asymptotically levels off to a new long term mean. 

 

 Within the framework of equation 2.26, a nearly linear change in means can be described 

by the above equation by using only the “linear” portion of an exponential decay curve, so that, 

within the time period being modeled, the mean only moves a small fraction of the way toward 

the “target” value.  Figure 2.1 demonstrates how varying µt and λ can produce a range of curves 

for the parameter mean over time.  This example demonstrates various trends of increasing land 

cover (e.g., a change in the distribution of land use classes); of course, decreasing trends can be 

implemented just as easily. 

 

 Note that, in the process of running the Monte-Carlo simulations, the within run quantile 

probabilities will carry over from the initial mean values to the “target” mean values.  For 

example, if for a given run, the initial mean land cover for a given land use category was 

randomly assigned to the 78
th

 percentile in the specified normal distribution, the target value in 

the trend calculation would also be at the 78
th

 percentile.  (The standard deviation used is the 

same for the initial and target values).  This will preserve the integrity of the Monte-Carlo 

simulation.  Similarly, all variability components and correlations will be preserved as temporal 

trends are imposed. 
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Figure 2.1. Examples of continuous time based trends that can be specified with the exponential 
growth/decay model. 

 

 Discrete step function changes in parameters, or discreet changes in time based trends, 

can also be user specified.  This is done by creating a unique input file for each point in time at 

which the user requires a step function change in any parameter(s).  This can include step 

function changes in parameter means, variances, future target values, or rate parameters.  One or 

more step function changes can be entered.   

 

 To preserve the integrity of the Monte-Carlo simulation and all other variability 

components, within run quantile probabilities are carried over across discrete jumps in the data 

inputs during Monte-Carlo simulations. For example, if for a given run, the land cover for a 

given land use category was randomly assigned to the 78
th

 percentile of the specified normal 

distribution, it would continue to use the 78
th

 percentile across all discrete step function changes.  

The distribution parameters may change, therefore the actual parameter values may change, but 

the quantiles will be consistent within a run. 

 

 Trends in the mean and step function changes can be specified by the user within the 

same simulation.  However, care must be taken when doing this, as parameter means will always 

make discreet jumps at the change in input files.   

 

 Using a combination time based trends within a user input file, and multiple input files 

for discrete step changes in either input parameters or their associated time based trends, the user 

has sufficient tools to stitch together patterns of input parameter time trends that reasonably trace 

any time based function desired.   

 

2.3.4 Demonstration of the ISEMP Watershed Model 

 This section illustrates how the ISEMP watershed model can be used to address BiOp 

related management questions.  As previously described, the model is life-stage specific and 
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brood-year based, meaning that it requires estimates of adult escapement and subsequent juvenile 

production (abundance and survival) attributable to those adults across treatment and reference 

locations.  Given that ISEMP was initiated in 2009 in the Salmon subbasin, we currently have 

data for less than one complete brood year of spring/summer Chinook salmon and steelhead.  

The first complete brood year of production estimates will occur following juvenile emigration 

in 2012 for spring/summer Chinook salmon and 2014 for steelhead.  While the results presented 

in this section utilize all data collected to date, data for incomplete brood years required the use 

of values from literature. Therefore results described in this section should be viewed as 

hypothetical, and provided solely to illustrate model functionality. 

 The model yields a number of estimates that are useful in a management context. For the 

purposes of this section we focused on changes in the magnitude of freshwater productivity 

(smolts/ female) and adult recruits per spawner (Table 2) predicted for the following 

reconnection scenarios: 1) all high priority tributaries; 2) only moderate priority reconnections; 

and 3) all high and moderate priority tributaries. As expected for a Beverton-Holt model, 

freshwater productivity (smolts/female) and productivity (adult recruits/spawner) increase until 

capacity is achieved, and then decline to an equilibrium state. Therefore, we report smolts/female 

and recruits/spawner at 20% of carrying capacity as a percentage change from initial values to 

demonstrate the near-term value of habitat restoration. Anticipated changes in juvenile and adult 

abundance accompanying restoration alternatives are illustrated in Figures 4 and 5. All metrics 

are reported at the scale of the Lemhi River; adult escapement to the mouth of the Lemhi River, 

and juvenile abundance at emigration from the Lemhi River. 

 Table 2. Percent change in spring/summer Chinook salmon freshwater productivity 

(smolts/female) and recruits per spawner at 20% of total carrying capacity under scenarios 

including the reconnection of high priority tributaries and high and moderate priority tributaries.  

 
 

Recovery Metric High Priority Reconnections Moderate Priority Reconnections High and Moderate Prioty Reconnections

Smolts/Female 14% 7% 22%

Recruit/Spawner 7% 7% 15%

Percent Change
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Figure 4. Number of spring/summer Chinook salmon smolts per female and total estimated 
smolt production (inset) given existing habitat, reconnection of high priority tributaries, and 

addition of high and moderate priority tributaries.   
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Figure 5. Adult spring/summer Chinook salmon escapement to the Lemhi River (site 1), and 

contribution to escapement from high priority (site 2) and moderate priority (site 3) 

reconnections across 1,000 model iterations. 

 The provisional model results described above illustrate the utility of the watershed 

model as a tool for evaluating the outcomes of habitat restoration using the BiOp metrics of 

freshwater productivity (smolts/female), recruits per spawner (adult returns/spawner), and total 

adult escapement.  This simple summary also demonstrates the value of the model for testing 

assumptions that guide habitat restoration. The model output is consistent with the hypothesis 

that freshwater productivity could be increased through improvements in habitat quantity and/or 

quality.  The model framework enables simulations of alternative scenarios or hypotheses to 

identify which habitat actions might most efficiently achieve tributary survival targets. As 

importantly, the model places changes in freshwater survival into the context of future adult 

escapement. This component is particularly important given that initial increases in egg to smolt 

survival are predicted to decrease over time as a result of density dependence, although total 

smolt production remains much higher than the “existing” scenario. From the perspective of 
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jeopardy, habitat restoration is predicted to stimulate a substantial increase in total adult 

abundance despite the short-lived nature of egg to smolt survival improvements. Although this 

result is in essence “predetermined” by the underlying Beverton-Holt model, it suggests that 

managers should carefully consider the timeframe over which improvements in freshwater 

productivity are evaluated in relationship to jeopardy decisions. 

 

 By 2013 habitat and fish sampling in the Lemhi will be sufficient to support model 

evaluations aimed at identifying what habitat reconnection and/or improvement scenarios will 

most cost-effectively produce the required survival improvements. These results will be available 

to support the 2013 BiOp comprehensive check-in and 2017 BiOp evaluation. As importantly, 

model development can shift towards the goal of identifying the functional relationships and 

minimum data requirements that support the application of the model in less “data-rich” 

watersheds, with the goal of providing a standardized tool for the evaluation of habitat actions 

across the Columbia Basin. 
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CHAPTER 2: EXAMPLES OF FRESHWATER HABITAT 

RELATIONSHIPS IN LIFE CYCLE MODELS 

2.4 Upper Columbia River spring Chinook salmon 

Jeff Jorgensen (NOAA Fisheries), Andrew Murdoch (WDFW), Jeremy Cram (WDFW), Charlie 

Paulsen (Paulsen Environmental Consulting), Tom Cooney (NOAA Fisheries), Rich Zabel 

(NOAA Fisheries), and Chris Jordan (NOAA Fisheries) 

Introduction 

Life cycle model development for the Upper Columbia Spring Chinook salmon ESU 

(Evolutionarily Significant Unit) is focused on spring-run Chinook salmon (Oncorhynchus 

tshawytscha) populations in the Wenatchee and Entiat River basins (Figure 1).  These basins 

represent unique opportunities for life cycle modeling because of their relatively extensive past, 

present, and planned future habitat and fish monitoring efforts.  They are both designated as 

Intensively Monitored Watersheds for the Columbia Habitat Monitoring Program (CHaMP; 

ISEMP 2012), which coordinates ongoing habitat and fish monitoring so that it can be closely 

aligned with habitat restoration and other activities in an attempt to assess the response and 

measure the effectiveness of current and future management actions on fish populations. 

Furthermore, the Wenatchee River basin has two types of hatchery programs that will provide 

opportunities to incorporate wild/hatchery interactions into the life cycle modeling.  These 

hatchery programs consist of integrated hatchery supplementation using broodstock composed of 

within-basin wild and hatchery fish to support the Endangered Species Act-listed population’s 

recovery goals, and supplementation from a segregated hatchery using out-of-basin origin 

broodstock (not from the ESU) to provide fish harvest opportunities that have been lost as a 

consequence of the construction of dams in the Columbia River basin system. 

This document outlines development and refinement of a Wenatchee River Basin spring-

run Chinook salmon life cycle model.  An Entiat River spring Chinook salmon population model 

is in the planning stages with development to occur in the near future. 

Life cycle modeling of Wenatchee spring Chinook salmon 

Two recent life cycle modeling efforts have focused on Wenatchee River Basin spring 

Chinook salmon.  A basin-scale Leslie matrix life cycle model was developed to explore 

scenarios of freshwater and ocean survival (hereafter referred to as TRT matrix model; ICTRT 

and Zabel 2007).  Its main purpose was to understand how combinations of freshwater life stage 

survival changes associated with Columbia River mainstem FCRPS (Federal Columbia River 

Power System) dam operations, and survival under different ocean regimes, altered the 

abundance (number of spawners returning to the basin), productivity (number of subsequent 

recruits per spawning adult), and extinction risks of this population, with the goal of 

understanding under what conditions the population could potentially reach the biological goals 

(i.e., meeting or exceeding viability criteria) established by the Interior Columbia Technical 
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Recovery Team for the population (ICTRT 2007).  Another life cycle model of this population 

was developed that included subbasin-scale spatial resolution, and the goal of this model was to 

evaluate population responses to scenarios of Wenatchee basin habitat restoration efforts directed 

at juvenile rearing and adult spawner life stages (Shiraz; Honea et al. 2009; Jorgensen et al 

2009).  One major contrasting feature of the Wenatchee spring Chinook salmon Shiraz model is 

that it is spatially explicit and tracks movements of juveniles and adults between spatial units (of 

varying habitat quality) throughout the basin at each time step.  Scenarios consisted of suites of 

restoration activities on the landscape at partial and full implementation of a hypothetical 

restoration plan, and a status quo scenario with little or no restoration activities but with altered 

habitat based on projected rates of landscape change (road density changes, changes in 

impervious surface area with urban development patterns, implementation of the Northwest 

Forest Plan goals, etc.; Jorgensen et al. 2009). 
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Figure 1: Wenatchee and Entiat River basins, with areas of recent spring Chinook salmon 

spawning indicated with highlights (in pink). 

 

Although the model described herein has been informed by both the Shiraz and TRT 

matrix models developed for Wenatchee River basin spring Chinook salmon, it is largely a 

modification of the TRT matrix model (ICTRT and Zabel 2007).  It includes enhancements to 

and updating of parameter values, and modifications that increase its spatial resolution to 

accommodate major fish production areas in the basin.  Future model development will continue 

to capitalize on the large amount of local data that have been and continue to be collected to 

inform life stage-specific survival in relation to habitat.  Our intention is that it will be able to 

assess population responses to habitat actions within the basin, as well as out-of-basin impacts 
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such as scenarios of hydropower system operation, pinniped predation, climate change, and be 

flexible enough to incorporate other factors as needed.  

One major innovation we have incorporated is the ability to model several areas of fish 

production within the basin.  Two compelling lines of evidence suggest that life cycle models 

built to characterize Wenatchee spring Chinook salmon need to consider multiple production 

areas and alternate life history strategies.  A brief examination of recruits and spawners in several 

major tributaries suggests data support for different parameters characterizing the recruits per 

spawner relationship across the major production areas.  Furthermore, juvenile life history 

strategies appear to confer differential survival and, therefore, differential contribution to the 

Wenatchee population as a whole.  Development of model parameters for the production areas 

and the model’s ability to account for the production areas separately will be advantageous as we 

begin to incorporate the effects of habitat actions. 

Multiple production areas 

The Wenatchee spring Chinook salmon TRT matrix model was originally developed 

primarily with data derived from Chiwawa River fish.  This basin tributary contains a large 

percentage of spawning habitat (Figure 1), and is the major contributor to the basin’s wild spring 

Chinook salmon production. Since that matrix model was developed, data on wild fish 

production in other tributaries have become available.  One of the goals of developing this model 

is to characterize the impact of habitat actions on survival, and subsequent impacts on population 

dynamics.  By including each of the major production areas we can explore scenarios of habitat 

changes and apply those scenarios at the production-area scale. 

The next two sub-sections provide a basis for considering the inclusion of multiple 

production areas in the life cycle model, and avenues for exploring the integration of habitat 

action effects and hatchery-wild interactions into them. 

Separate models describing Wenatchee River basin sub-population recruits per spawner 

Deriving salmonid life cycle model parameters from fish population data can be difficult, 

since the data are highly variable and subject to measurement error and other problems.  

Spawner-recruit (S-R) time series can be especially problematic, since spawning abundance, age-

at-return, and hatchery influence are usually based on subsamples of the population and are 

rarely measured using methods with desirable statistical properties. 

In this section, we demonstrate how one can use existing S-R data to parameterize simple 

Ricker models [of the form   (
  

  
)         ] for five Wenatchee spring Chinook salmon 

production areas (referred to in this analysis as sub-populations).  We display the basic data, 

estimate a small suite of models, and briefly discuss the results and their implications for life 

cycle modeling.  The results should be taken as a worked example, and not as the definitive work 

on Wenatchee S-R modeling. 

Estimates of spawner abundance, recruits per spawner, and the proportion of spawners 

thought to be of hatchery origin are displayed in Figures 2 and 3.  We used data from 1992-2007 

for this example, although longer time series are available, to demonstrate the utility of the 

methods using relatively short time series.  Data are courtesy of Andrew Murdoch and Jeremy 

Cram (WDFW, unpublished data). We restricted our analysis to 1992-2007 because 1991 and 

earlier years reported a constant proportion of allocated to each age class. 
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Figure 2: Wenatchee River basin estimated spawners (left) and productivity (right) by major 

production area. 

 

 
 

Figure 3: Estimated hatchery fraction of spawning adults for the major production areas of the 

Wenatchee River basin. 
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We estimated five multi-stock Ricker models, and shown in the equations below, where 

“R” and “S” denote recruits to the spawning grounds and spawning escapement, respectively, 

while “i” and “t” denote sub-population and year.  “H” represents the fraction of spawners of 

hatchery origin.  What makes the models “multi-stock” is the use of parameters assumed to be 

common across all stocks.  For this model fitting analysis we assume no exchange of individuals 

between sub-populations, although the allowance of the exchange of adult spawners between 

production areas will be addressed as the life cycle model develops (see Discussion, “Ongoing 

and future model development”).  All five models include stock-specific low-density survival 

(the ai `s), and a shared year effect (i.e., one dummy or class variable per year of S-R estimates).  

Other parameters are shared across sub-populations or are stock-specific depending on the 

model.  For example, in model (4), the hatchery “effect”, “C”, is assumed to be shared across all 

five populations, while in (5) it is stock-specific. 

 

  (
    

    
)      (    )    (    )          (Model 1) 

  (
    

    
)      (    )            (Model 2) 

  (
    

    
)       (    )            (Model 3) 

  (
    

    
)       (    )    (    )         (Model 4) 

  (
    

    
)       (    )     (    )         (Model 5) 

 

 

 

Table 1 Spawner-recruit model descriptions. 

 

Included in Model:

Common or 

Sub-

population-

specific:

Model Year "Effects" Ricker A Ricker B Hatchery Proportion

1 Yes Sub-pop Common Common

2 Yes Sub-pop Common None

3 Yes Sub-pop Sub-pop None

4 Yes Sub-pop Sub-pop Common

5 Yes Sub-pop Sub-pop Sub-pop

 

Table 1 provides verbal model descriptions that parallel the five equations above, while 

Table 2 summarizes results (unweighted OLS modeling); Figure 4 shows actual vs. predicted 

values for model 3.  Year effects were always significant, while hatchery effects were never 

important in the models estimated.  Of particular interest in a life-cycle context, the two top-

ranked models (2 and 3) both had significant sub-population-specific Ricker “a” parameters and 
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(model 3) Ricker “b” parameters as well.  This is important because, for all the potential data 

problems, it suggests that both low-density survival and carrying capacity differ among the five 

sub-populations.  Assuming that these differences are habitat-dependent, this in turn implies that 

there may well be habitat variables (e.g., from the CHaMP program) that will be useful in 

explaining the differences in stock performance. 

 

Table 2: Spawner-recruit model results. 

 

Significant @ 10%?

Model Year "Effects" Ricker A Ricker B Hatchery Proportion AICc

1 Yes Yes No No 202.5

2 Yes Yes No N/A 198.9

3 Yes Yes Yes N/A 200.1

4 Yes Yes Yes No 203.4

5 Yes No Yes No 214.4

 

 

 

 
Figure 4: Actual vs. predicted values, model 3. 

 

Alternate juvenile life history strategies 

Juvenile Chinook salmon in the Wenatchee River basin exhibit two distinct rearing life 

history strategies which have implications for different survival trajectories and, therefore, for 

differing population contributions.  After emergence from the gravel, juvenile rearing takes place 

in both the natal tributaries and in the mainstem Wenatchee River.  There is a relationship 

between the proportion migrating from natal areas to rear and overwinter in the mainstem 
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Wenatchee River (subyearlings) vs. those that remain and rear and overwinter in the natal 

tributaries (yearlings) with the number of spawning adults the previous year (Figure 5; WDFW, 

unpublished data).  In the Chiwawa River, as the number of spawning adults increased 

(represented by the estimates of egg deposition), the proportion of juveniles exhibiting the 

subyearling life history strategy (leaving their natal tributary to rear in the mainstem) also 

appeared to increase.  Subyearlings leaving their natal tributaries for the mainstem Wenatchee 

River experience a warmer thermal regime and less competition for habitat and food resources 

than the yearlings that rear in the tributaries, both of which may contribute to the higher growth 

rates observed for subyearlings compared to yearlings (WDFW, unpublished data). 

 

 

 
Figure 5: Proportion of juvenile Chinook salmon life history types as a function of estimated egg 

deposition in the Chiwawa River (WDFW, unpublished data).  The two major life history 

strategies of Spring-run Chinook salmon juveniles in the Wenatchee River basin are: 

juveniles migrating early out of their natal tributaries and rear and overwinter in the 

mainstem Wenatchee River (subyearlings); and, juveniles remaining in the tributaries to 

rear and overwinter (yearlings). 

 

 

These life history strategy differences appear to have implications for subsequent survival 

and rates of adult returns (Figure 6).  Thus, there appears to be some selective advantages 

supporting an early-migrating subyearling juvenile life history strategy. 
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Figure 6: Chiwawa River emigrant-to-adult (EAR) returns as a function of emigrant fork length 

(FL; WDFW, unpublished data). 

  

 

Capturing juvenile life history diversity characteristics of the Wenatchee River basin 

spring Chinook salmon population in the life cycle model is currently under development.  At the 

present time, we describe our attempts to accommodate multiple production areas.  This will 

enable us to apply freshwater habitat restoration actions at the sub-population level.  Some data 

suggest that juveniles in Nason Creek primarily exhibit a subyearling life history strategy 

(Yakama Nation, unpublished data), and by incorporating the Nason Creek production area we 

have begun the process of integrating juvenile life history diversity into the life cycle model, but 

we intend to capture this life history strategy more explicitly in the future. 

In this report we briefly describe the model, outline a few model scenarios and parameter 

perturbations, provide some preliminary results that demonstrate the model’s current capabilities, 

and then we discuss current and future model development work. 

Methods 

The model 

The model framework is a Leslie matrix age-structured population model for stream-type 

spring Chinook salmon, and it tracks population numbers across five life stage classes through 

time (ICTRT and Zabel 2007): parr, smolts, ocean residence (from one to three years), and 

tributary spawners (four and five year old fish that spent two and three years, respectively, in the 

ocean).  The following description and notation is drawn from ICTRT and Zabel (2007).  We 

EAR = 0.0034 * (FLw) - 0.2182 
R² = 0.56; P < 0.002 
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provide a brief description of the ICTRT and Zabel (2007) model, though our primary focus in 

this section is documentation of modifications we have made to it. 

The number of individuals at time (t + 1) is represented by  , which is a 5 x 1 vector of 

the number of individuals at each of five life stages, and is a product of a 5 x 5 transition matrix, 

A, the dimensions of which reflect the five life stages incorporated into the model, and the 

number of individuals in each of the life stages, n, at time (t): 

 

                 . 

 

 

The elements in each row of A(t) determine the transition of individuals at one life stage 

progressing through to the next life stage, from one row in the n(t + 1) matrix down to the next: 

 

      

[
 
 
 
 
                      
      

         

             

             ]
 
 
 
 

.  

 

The   s are the survival probabilities of moving from one life stage to the next (Table 3).  

   is the survival probability of parr to the smolt stage (moving from one-year-old fish to two 

years old).        is the survival probability of the transition of fish from two to three years old, 

the period in which fish leave freshwater and enter the estuary and ocean, corresponding to their 

first year of ocean residency.  The    term accommodates stochasticity and varies in time and 

according to scenarios of climatic and ocean conditions.     represents the annual probability of 

ocean survival, which was fixed at 0.80 (Ricker 1976).  The proportion of three and four year 

olds leaving the ocean and returning to spawn (their breeding propensities) are noted by    and 

  , thus, the proportion of three and four year old fish remaining in the ocean is given by 

       and       .     is the survival of adults from Bonneville dam to the spawning 

grounds, and is a product of upstream survival through the Columbia River mainstem dam 

system,   , survival after in-river harvest,       , and survival from the upper-most dam to the 

Wenatchee basin,    .  Fecundity in some cases for some fish species may be different for 

spawning fish of different ages, and the model can accommodate this differential with a 

fecundity multiplier, the    terms.  At this time we have not developed scenarios exploring 

fecundity differentials for spawning Wenatchee basin spring Chinook salmon of different ages 

but we intend to explore this in the near future. 

 

 

 

 

 

 

 

 



2.4 Upper Columbia River spring Chinook salmon 

11 

 

Table 3: Parameter inputs for the Wenatchee River spring Chinook salmon matrix model for 

three of five major production areas: Chiwawa River, Nason Creek, and the White River.  

The other major production areas are not yet included in the model but in development. 

They include: Little Wenatchee River, and Upper Wenatchee River (below Lake 

Wenatchee). 

 

Parameter 

Chiwawa 

River 

Nason 

Creek 

White 

River 

Spawner    -to- parr      

Beverton-Holt  “a” 

353.437 328.490 154.318 

Spawner    -to- parr      

Beverton-Holt “b” 

0.000298 0.005 0.005 

σ2
1 0.412 0.600 1.04 

  (variance term) 0.1 --- --- 

Parr-smolt survival
1 

 

0.6 0.6 0.6 

Hydrosystem survival 

 

0.525 0.525 0.525 

   (first ocean year) Stochastic 

variable, 

dependent 

on 

relationship 

to ocean 

conditions 

Stochastic 

variable, 

dependent 

on 

relationship 

to ocean 

conditions 

Stochastic 

variable, 

dependent 

on 

relationship 

to ocean 

conditions 

   (ocean survival for years after   ) 

 

0.8 0.8 0.8 

   (propensity of 3 year olds to 

breed) 

 

0.046 0.046 0.046 

   (propensity of 4 year olds to 

breed) 

 

0.514 0.514 0.514 

   (in-river harvest rate) 

 

0.09 0.09 0.09 

   (Bonneville-to-basin survival rate) 

 

0.794 0.794 0.794 

    (pre-spawning survival rate) 

 

0.9 0.9 0.9 

Initial abundance of 4 and 5 year old 

tributary spawners (geomean of most 

recent 10 yr, wild fish) 

256 147 40 

1
Parr-smolt survival measures survival from exiting the tributaries until reaching the mainstem 

Columbia, derived in original matrix model. 
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Multiple production areas 

We are developing the model to incorporate five major fish production areas in the 

Wenatchee River basin: Chiwawa River, Nason Creek, White and Little Wenatchee rivers, and 

upper Wenatchee River below the mouth of Lake Wenatchee (Figure 1).  At the present time, we 

had enough data to include three of these: Chiwawa River (parameters as in the 2007 report, and 

shown in Table 3), Nason Creek, and the White River (parameters for both are reported in Table 

3).  The model essentially functions as though there are alternative transition matrices,   , and 

population vectors,   , for each production area,  , with production-area-specific parameters 

where appropriate or where data were available to estimate them (Table 3).  As the model moves 

through time each of the production areas’ life stage transition survivals calculations are handled 

separately, and the numbers of fish within the age classes in each of the    vectors were summed 

to create one   vector representing the entire Wenatchee population, which was used for 

calculations of overall population metrics such as the geometric mean of spawners, mean recruits 

per spawner, and for calculations of extinction probabilities (see explanations of these in “Output 

response measures” section below). 

Spawner-to-parr transition and survival 

There is density dependence built into the spawner to subsequent parr transition, and was 

estimated for three of the five production areas by fitting a density-dependent Beverton-Holt (B-

H) relationship to spawners and subsequent parr,   ;           (      ) (        )⁄ .  

Chiwawa River B-H estimates of “a” and “b” parameters were from the original Wenatchee 

matrix model, and derived by dividing recruits by the product of prespawning survival, smolt-to-

adult return rates, and parr-to-smolt survival;             (               )⁄ .  Chiwawa 

River estimates included a Box-Cox transformation as a way to deal with the heteroscedasticity 

in the data (the   
  and   parameters; see Zabel et al. 2006 for details; ICTRT and Zabel 2007). 

Nason Creek and White River B-H models were fitted to spawner and parr estimates from those 

subbasins (WDFW, unpublished data).  The short spawner and parr time series for Nason Creek 

and the White River didn’t allow the Box-Cox transformation and estimation of these 

parameters, thus the    function for these production areas was of the simpler form without the 

Box-Cox transformation.  In place of those in Table 3 for Nason Creek and White River we 

report the variance,   , of the B-H fits.  When spawner and parr estimates from the other two 

production areas (Little Wenatchee River and the mainstem Wenatchee below Lake Wenatchee) 

become available the model will be expanded to incorporate these areas. 

Scenarios and parameter perturbations 

We developed several scenarios and parameter perturbations to explore the dynamical 

response of Wenatchee spring Chinook salmon as represented by this matrix model to changes in 

survival during several life stages.  Responses to the scenarios/perturbations were examined in 

isolation (holding other parameters constant, or no change) and in combination with each other 

(Table 4).  There were a total of 162 different combinations of scenarios and perturbations. The 

following are brief explanations of each life stage-specific survival scenario and perturbation. 
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Table 4: Scenarios and parameter perturbations considered in this study. 

 
 Scenario/perturbation 

Survival stage Decrement Increment 

    and    survival
1
 -10% +10% 

Hydrosystem (  ) survival
2
 --- +10% 

First year ocean (climate or    ) survival
3
 “Bad" ocean conditions  

(1977-1997, stochastic) 

Historical ocean conditions  

(1946-2006, stochastic) 

Post-   (  ) ocean survival -10% +10% 

Harvest rate (  ) +5% -5% 
1
Perturbations affected both survival of spawners from the last dam to their tributaries (   ) and the number 

of parr in       produced by spawners in     (  ). 
2
No decrement was applied to hydrosystem survival 

3
An additional climate    level not shown above was a “recent” scenario (years included were 1986-2000), 

which also included stochasticity.  

 

 

    and    survival 

These parameter perturbations were used as a proxy for habitat improvements through 

freshwater restoration actions, which could impact returning adult fish prior to spawning 

(prespawning mortality,    ) and the spawner-to-parr stage (  ).  This represents an initial 

attempt to examine model sensitivity and population response to survival changes at these life 

stages as a way of understanding potential impacts of habitat actions.  As the Wenatchee model 

development continues, these perturbations will be replaced with relationships between 

freshwater habitat characteristics and in-basin survival estimates.  

Hydrosystem (  ) survival 

We explored population dynamics in response to improvements in downstream smolt 

survival through the mainstem Columbia River FCRPS dams.  Further model development will 

include the ability to accommodate scenarios exploring changes in survival through the middle 

Columbia River mainstem dams above McNary Dam. 

First year ocean (climate, or   ) survival 

First year ocean survival,  , is described in detail in ICTRT and Zabel (2007) and 

supporting documents (http://www.nwfsc.noaa.gov/trt/col/trt_ic_viability_survival.cfm), so we 

will briefly summarize that work here.     is linked to freshwater and marine condition indicators 

and is stochastic.  First, a relationship was developed between the environmental indicators 

(monthly values of Pacific coastal upwelling and Columbia River water travel time, WTT) and 

the estuarine-early ocean survival rates.  For Wenatchee spring Chinook salmon, the best fitting 

model (ICTRT and Zabel 2007) was: 

 

                                                                    .  

 

 

http://www.nwfsc.noaa.gov/trt/col/trt_ic_viability_survival.cfm
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This relationship and its variability were used to simulate alternative environmental scenarios.  

The simulations consisted of drawing values from the time series corresponding to    ocean 

climate survival scenarios.  “Recent” referred to the recent period (1980-2006) of environmental 

time series, “bad” referred to values drawn from the period 1977-1997, and “historical” 

referenced conditions observed over the entire length of the environmental time series, 1946-

2006. 

Post-   (  ) ocean survival 

We explored population dynamics sensitivity to changes in ocean survival after the first 

critical year in the ocean (  ). 

Harvest survival (    ) 

We also increased and decreased the in-river harvest rate,   , to examine the population 

dynamics in response to harvest rate changes.  The +/- 5% changes we made to the 9% harvest 

rate, which translated into a +/- 0.45% change in survival as a consequence of harvest survival 

manipulations. 

Output response measures 

The following model output summary metrics are reported, as described in the ICTRT 

and Zabel (2007) draft report: 

 

 Geometric mean (across a single simulated trajectory; geomean hereafter) spawners, 

summarized by the mean (across simulations) and standard deviation of the geomeans. 

 Median spawner number.  The median spawner number was chosen as a reasonable 

indicator of the population equilibrium value, and included were the mean and standard 

deviation of geomeans across simulations. 

 Population productivity was reported by the mean of mean productivities (recruits per 

spawner) across the simulations.  For comparability with the ICTRT and Zabel (2007) 

analysis, we also included the previous measure of productivity at low spawner 

abundance, which was calculated as recruits per spawner observed at spawner levels 

below 50% of median spawners as determined with the current climate and hydrosystem 

survival scenarios (which was set = 551 for the Wenatchee River population).  We 

reported the mean (across simulations) and standard deviation of this measure.  There is 

an updated measure for recruits per spawner at low spawner density, which is discussed 

below. 

 Probability of quasi-extinction.  We calculated the probability that the population would 

fall below 50 spawners for each of four consecutive years.  We calculated this metric for 

simulated trajectories (n = 1,000 runs) that covered 100, 50, and 25 years. 

Productivity at low spawner abundance 

We report additional productivity metrics to characterize productivity at low spawner 

abundance (Zabel et al., this report).  To calculate these metrics we first produced spawner and 

recruit data from model simulations for a given population and scenario.  We ran several 

iterations (10), and then combined all these data together.  We then fit the following Beverton-

Holt relationship to these data: 
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                    , 

 
 

where    and    are recruits and spawners, respectively, in brood year  ,   and   are model 

parameters, and with a multiplicative lognormal error term,   .  The parameter   represents 

maximum productivity (recruits per spawner) at low abundance, and     represents the 

maximum asymptotic recruitment.  From these fits, we reported several new metrics: 

 

 Carrying capacity,  , at equilibrium population abundance where    , which is equal 

to       ⁄ ;  

 Recruits per spawner at low abundance, with low abundance defined as       (20% of 

carrying capacity); and, 

 the   and   parameters from the model fits, and the variance (  ) of the data around the 

fitted relationship. 

 

In some cases   (carrying capacity) was negative which indicated unfavorable conditions, as 

presented in the model by detrimental combinations of scenarios and parameter values.  Negative 

K values were reported as “NA.” 

We ran simulations for durations of 100 years, 50 years, and 25 years to understand how 

output response metrics varied according to different time horizons and varying numbers of 

generations of fish.  For each scenario, we repeated model runs 1,000 times to get a robust 

estimate of quasi-extinction probabilities. 

Results 

Between all combinations of manipulations (Table 4), there were a total of 162 unique 

combinations of scenarios and parameter manipulations.  For brevity of space, a partial set of the 

full results are shown in Table A.1 (Appendix A), which demonstrates the model’s current 

capabilities.  Table A.1 contains results for simulations run for 100 years, with 1,000 runs of the 

model for each combination of scenarios and parameter perturbations.  With all of the 

combinations of scenarios and parameter perturbations combined, there was a considerably large 

set of results (Table A.1 shows results for 100 year simulations only, simulations for 50 and 25 

years were also run but those results are not shown), we will focus on a few specific 

scenarios/perturbations (Tables 5-7).  In general, there appeared to be a strong effect of climate 

conditions (as represented in the model by scenarios of first year ocean survival,   ) on 

population metrics.  In most cases, historical climate conditions created the largest improvements 

in population metrics while bad climate conditions worsened the metrics and increased metric 

variability and increased extinction probabilities (Tables 5-7).  For example, population 

responses to manipulations of climate in combination with prespawning and    survival (our 

proxy for effects as a consequence of habitat actions) showed a dramatic increase in mean 

spawners in response to historical climate and favorable prespawning and    survival (Figure 7).  

When we combined prespawning and    survival with post-  ocean survival the contrasts 

between scenarios were not as large (Figure 8).  Prespawning and    survival manipulations 
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paired with hydrosystem survival improvements showed some modest improvements compared 

to prespawning and    survival perturbations (Figure 9). 
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Table 5: Selected model results for 100 years, 1,000 runs per scenario.  Scenarios included were climate (bad, recent, historical), 

hydrosystem survival improvements (no change, +10%), and prespawning (   ) and   survival (a proxy for habitat restoration 

action effects; no change, +10%, -10%). 

 

Scenarios and parameter 

perturbations 

Spawners Recruits per spawner 

Quasi-

extinction 

threshold 

probability 

(QET) 

B-H parameters and recruits per spawner at 

0.2*K Geomeans Medians R/S 
R/S at low 

densities 

C
li

m
a

te
 

H
y

d
ro

 

P
re

sp
a

w
n

in
g

 

a
n

d
 s

1
 

Mean SD mean SD Mean SD 

Mean 

R/S SD a a/b σ
2 

K R/S 

Bad 

Current 

Current 236.9 149.9 245 160 0.667 0.047 0.744 0.092 0.485 0.761 1559.61 1.193 NA 0.799 

+10% 571.3 246.5 576.8 252.6 0.723 0.046 0.956 0.187 0.058 0.974 2479.477 1.216 NA 0.979 

-10% 61.5 60.1 64.9 66.8 0.582 0.045 0.601 0.055 0.945 0.65 1027.849 1.195 NA 0.699 

+10% 

Current 371.6 198.8 379.5 206.5 0.696 0.044 0.83 0.126 0.23 0.914 1605.47 1.193 NA 0.93 

+10% 789.5 291.8 789.4 303.1 0.739 0.045 1.091 0.287 0.018 1.089 2586.046 1.255 211.8 1.07 

-10% 120.9 102.6 127.3 109.4 0.623 0.046 0.659 0.072 0.834 0.689 1298.34 1.161 NA 0.735 

Recent 

Current 

Current 468.3 205.1 494.3 224.5 0.666 0.046 0.778 0.136 0.093 0.799 2481.445 1.314 NA 0.832 

+10% 912.5 292.7 944.9 323.8 0.712 0.046 1.045 0.283 0.008 1.009 3352.714 1.308 30.2 1.007 

-10% 180.6 116.3 196.6 129.5 0.607 0.046 0.64 0.07 0.595 0.688 1463.27 1.317 NA 0.734 

+10% 

Current 672.7 256.8 701.9 282.7 0.69 0.048 0.881 0.196 0.014 0.897 3297.929 1.282 NA 0.916 

+10% 1192.4 353.4 1229.7 398 0.729 0.045 1.23 0.42 0 1.532 2240.027 1.328 777.7 1.385 

-10% 292.3 163.7 312.5 177.8 0.638 0.047 0.699 0.098 0.346 0.737 2994.751 1.261 NA 0.778 

Historical 

Current 

Current 1551.2 485.7 1536.3 518.6 0.731 0.048 1.155 0.41 0.008 1.043 5325.101 1.31 217.2 1.034 

+10% 2375.3 600.4 2372.8 678 0.754 0.049 1.55 0.827 0.001 1.444 5299.425 1.297 1628.6 1.326 

-10% 845.5 328.5 845.9 346.6 0.699 0.046 0.91 0.19 0.095 0.972 3988.979 1.29 NA 0.978 

+10% 

Current 1941.1 552 1936.4 620.4 0.743 0.047 1.332 0.622 0 1.176 6133.83 1.268 915.8 1.136 

+10% 2889.3 665.4 2898.7 763.7 0.765 0.047 1.911 1.435 0 1.36 6450.712 1.302 1707.8 1.269 

-10% 1106.4 402.6 1100.7 426.5 0.713 0.048 1.003 0.258 0.037 0.909 6201.619 1.282 NA 0.926 
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Table 6: Selected model results for 50 years, 1,000 runs per scenario.  Scenarios included were climate (bad, recent, historical), 

hydrosystem survival improvements (no change, +10%), and prespawning (   ) and   survival (a proxy for habitat restoration 

action effects; no change, +10%, -10%). 

Scenarios and parameter 

perturbations 

Spawners Recruits per spawner 

Quasi-

extinction 

threshold 

probability 

(QET) 

B-H parameters and recruits per spawner at 

0.2*K Geomeans Medians R/S 
R/S at low 

densities 

C
li

m
a

te
 

H
y

d
ro

 

P
re

sp
a

w
n

in
g

 

a
n

d
 s

1
 

Mean SD mean SD Mean SD 

Mean 

R/S SD a a/b σ
2 

K 

R/S at 

0.2*K 

Bad 

Current 

Current 313.3 185.9 325.3 193.6 0.658 0.065 0.761 0.155 0.209 0.849 985.353 1.205 NA 0.875 

+10% 608.1 304.9 616 322.1 0.724 0.069 0.972 0.294 0.017 0.908 2243.091 1.234 NA 0.925 

-10% 134.7 99.4 144.5 110.4 0.568 0.061 0.603 0.088 0.716 0.667 740.7348 1.199 NA 0.715 

+10% 

Current 434.4 237.5 446.1 251.2 0.694 0.065 0.861 0.227 0.071 0.992 1547.122 1.209 NA 0.994 

+10% 774.9 340 778.7 354.6 0.76 0.071 1.121 0.37 0.003 1.105 2490.465 1.216 236.9 1.082 

-10% 202.3 137.8 212.1 146.2 0.612 0.064 0.667 0.106 0.474 0.934 496.7956 1.132 NA 0.947 

Recent 

Current 

Current 490.9 251.7 518.7 272.6 0.676 0.069 0.81 0.228 0.039 1.065 1677.051 1.306 102.5 1.051 

+10% 865 356.9 895.7 391.6 0.732 0.07 1.117 0.56 0 1.099 2213.771 1.329 200.1 1.078 

-10% 248.7 158 272.7 179.8 0.595 0.061 0.645 0.115 0.317 0.703 1456.651 1.339 NA 0.747 

+10% 

Current 645 287.5 674.7 315.8 0.707 0.069 0.931 0.346 0.009 0.816 4187.689 1.265 NA 0.848 

+10% 1091.7 410.3 1124.3 461.6 0.761 0.07 1.336 0.76 0 1.153 2959.648 1.291 393 1.119 

-10% 339.5 190.2 366.6 211.7 0.641 0.067 0.73 0.179 0.145 0.797 1916.715 1.259 NA 0.831 

Historical 

Current 

Current 1398.3 573.9 1384.2 633.7 0.767 0.088 1.283 0.785 0.005 1.006 6206.26 1.261 39.1 1.005 

+10% 2135.5 720 2132 837 0.804 0.087 1.855 2.143 0 1.223 7258.486 1.293 1322.4 1.171 

-10% 826.9 419.8 825.2 444.4 0.712 0.082 0.942 0.325 0.05 0.784 4426.344 1.262 NA 0.82 

+10% 

Current 1744.5 667.8 1743.4 758.1 0.786 0.087 1.48 1.098 0 1.12 7055.397 1.288 758 1.094 

+10% 2534.9 813.3 2550.9 989.9 0.818 0.086 2.116 2.237 0 1.4 6444.782 1.267 1841.7 1.296 

-10% 1052.7 487.9 1047.5 525.6 0.742 0.083 1.092 0.57 0.021 1.159 4539.026 1.231 623.1 1.123 
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Table 7: Selected model results for 25 years, 1,000 runs per scenario. Scenarios included were climate (bad, recent, historical), 

hydrosystem survival improvements (no change, +10%), and prespawning (   ) and   survival (a proxy for habitat restoration 

action effects; no change, +10%, -10%). 

Scenarios and parameter 

perturbations 

Spawners Recruits per spawner 

Quasi-

extinction 

threshold 

probability 

(QET) 

B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 

C
li

m
a

te
 

H
y

d
ro

 

P
re

sp
a

w
n

in
g

 

a
n

d
 s

1
 

Mean SD mean SD Mean SD 

Mean 

R/S SD a a/b σ
2
 K 

R/S at 

0.2*K 

Bad 

Current 

Current 387.5 205.4 402.7 220.4 0.647 0.108 0.774 0.264 0.03 1.013 1118.016 1.199 14.3 1.01 

+10% 606 285.1 623 307.8 0.74 0.124 1.04 0.513 0.004 1.494 1349.509 1.105 446.2 1.36 

-10% 225.3 122.9 244.4 139.5 0.544 0.091 0.597 0.151 0.221 0.572 2529.939 1.155 NA 0.626 

+10% 

Current 483.6 250.2 495.9 269.9 0.696 0.116 0.895 0.388 0.01 0.999 1731.865 1.089 NA 0.999 

+10% 706.4 331.9 715.4 367.1 0.778 0.124 1.151 0.66 0 1.315 1227.188 1.112 293.7 1.237 

-10% 293 160.7 311.2 183.4 0.597 0.105 0.684 0.202 0.108 0.724 1002.313 1.158 NA 0.766 

Recent 

Current 

Current 521.5 269.4 557.2 308.3 0.685 0.124 0.913 0.515 0.007 0.888 2167.231 1.278 NA 0.909 

+10% 760.6 359.1 785.7 398.8 0.778 0.145 1.206 0.737 0 1.05 2347.013 1.246 112 1.04 

-10% 325.9 175 360.4 199 0.595 0.114 0.687 0.262 0.053 0.877 1008.751 1.193 NA 0.899 

+10% 

Current 600.9 282.5 633.5 326.2 0.736 0.138 1.025 0.547 0 1.214 1110.893 1.253 195.9 1.164 

+10% 923.2 411.2 961.9 478.5 0.815 0.147 1.437 1.042 0 1.009 2998.636 1.172 28.1 1.008 

-10% 381.4 202.9 415.1 238.3 0.633 0.114 0.768 0.346 0.029 0.832 922.5391 1.226 NA 0.861 

Historical 

Current 

Current 1292.2 835.7 1290.5 901.3 0.839 0.192 1.53 2.038 0.004 1.364 2794.93 1.228 746 1.271 

+10% 1914.2 1183 1939 1338.8 0.911 0.2 2.044 2.304 0 1.134 9529.103 1.302 1123.7 1.104 

-10% 862.4 637.6 867 688.3 0.739 0.173 1.201 1.456 0.027 1.255 2922.006 1.41 594.2 1.194 

+10% 

Current 1602.9 1027.2 1611.5 1139 0.882 0.192 2.094 3.132 0.001 1.279 4688.513 1.377 1022.7 1.211 

+10% 2118.9 1267.6 2141.6 1456.8 0.958 0.199 2.46 3.266 0.001 1.469 5634.371 1.17 1799.6 1.343 

-10% 1064.3 775.6 1062.7 815.2 0.786 0.179 1.511 3.061 0.013 0.97 5199.384 1.25 NA 0.976 
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Figure 8: Prespawning and    survival manipulations (a proxy for effects of habitat actions) 

combined with climate scenarios, and their effects on the mean number of spawners (left) 

and productivity (right) at low spawner abundance as measured at spawner levels below 

50% of median spawners. 
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Figure 9: Prespawning and    survival manipulations (a proxy for effects of habitat actions) 

combined with post-  ocean survival changes, and their effects on the mean number of 

spawners (left) and productivity (right) at low spawner abundance as measured at spawner 

levels below 50% of median spawners. 
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Figure 10: hydrosystem survival improvement changes combined with prespawning and    

survival manipulations (a proxy for effects of habitat actions), and their effects on the 

mean number of spawners (left) and productivity (right) at low spawner abundance as 

measured at spawner levels below 50% of median spawners. 

 

 

We also looked at combinations of perturbations other than our proxy for effects of 

habitat actions, such as climate and post-   ocean conditions, climate and in-river harvest rate 

(  ), and climate in combination with hydrosystem survival improvements.  The responses to 

ocean conditions (  , or climate, and post-   ocean survival) were muted for bad and recent 

ocean conditions, and showed a relatively larger response combined with historical conditions 

(Figure 11).  Harvest rates had little impact on population metrics (Figure 12), whereas 

hydrosystem improvements combined with climate showed a large contrast between historical 

and either bad or recent climate (Figure 13). 
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Figure 11: Climate survival manipulations combined with post-  ocean survival changes, and 

their effects on the mean number of spawners (left) and productivity (right) at low spawner 

abundance as measured at spawner levels below 50% of median spawners. 
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Figure 12: Climate survival manipulations combined with harvest rate changes, and their effects 

on the mean number of spawners (left) and productivity (right) at low spawner abundance 

as measured at spawner levels below 50% of median spawners. 
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Figure 13: Climate survival manipulations combined with hydrosystem survival improvements, 

and their effects on the mean number of spawners (left) and productivity (right) at low 

spawner abundance as measured at spawner levels below 50% of median spawners. 

 

 

 Scenarios we modeled were carried out to 1,000 runs so that we could get an indication 

of model sensitivity to measures of population persistence as measured by the quasi-extinction 

probability.  In general, when climate and ocean conditions (i.e., early and late ocean survival) 

were unfavorable, extinction probabilities were the highest (Tables 5-7).  However, even under 

recent ocean conditions a scenario combination that decreased prespawning and    survival had a 

mean extinction probability of 0.595 over 100 years (Table 5), indicating that the population 

dynamics were very sensitive to changes applied to both of these life history stages 

simultaneously. 

Discussion 

The results presented here represent model sensitivities to various hypothetical scenarios 

and parameter perturbations.  The population response metrics were very responsive to changes 

in climate, which had an effect on early ocean survival.  There was also a large response to ocean 

survival in the subsequent years after the first ocean year; clearly this is a strong driver of 

population dynamics.  When we improved smolt hydrosystem and prespawning with    survival 

(a proxy for the effects of habitat actions) we also saw a fairly strong response in population 

dynamics, so scenarios affecting early and late life stage survivals would be good targets for 
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model and scenario experimentation in the future.  Relating the effects of freshwater habitat 

restoration actions to life-stage-specific survivals is currently an active area of development.  

The preceding demonstrates one method for the Wenatchee spring Chinook salmon 

matrix model to accommodate multiple production areas, which is a common characteristic of 

many interior Columbia salmonid populations (ICTRT 2003).  There are potentially other 

methods to model separate production areas within a population, and they will be explored as 

model development continues.  An advantage of the current model’s structure is that it allows for 

subbasin-specific inputs.  Thus, effects of habitat actions, when incorporated, can be combined 

into suites of actions or isolated to particular subbasins.  One big challenge for adaptation of the 

model to include more than one production area--and in the case of the Wenatchee, an additional 

layer of yearling and subyearling juvenile life history strategies--is obtaining the sub-population-

level biological data and inputs needed to parameterize the model.  Fortunately, there is active 

and extensive data gathering, experimental manipulation, monitoring efforts, and scientific 

infrastructure in the Wenatchee basin. 

One key area of model development is the inclusion of two major juvenile life history 

strategies, subyearlings that leave their natal tributaries and rear and overwinter in the mainstem 

Wenatchee River, and yearlings that remain in the tributaries to rear and overwinter.  Inclusion 

of these juvenile life histories will allow us to generate scenarios of differential effects of county 

PUD (Public Utilities District) and FCRPS dam operations.  Subyearlings rearing in the 

mainstem are typically larger than yearlings (WDFW, unpublished data), and combined with the 

timing of their outmigration to the Columbia River (subyearlings, as smolts, generally exit the 

Wenatchee basin and arrive at the first Mid-Columbia (PUD) dams earlier than yearlings; 

WDFW, unpublished data) can lead to differential survival downstream and through subsequent 

life stages (WDFW, unpublished data).  The timing of PUD dam spring spill may not necessarily 

coincide with the downstream migration timing of juvenile wild fish arriving at those dams 

during their seaward migration.  We plan to explore these characteristics of the Wenatchee River 

spring Chinook salmon population further. 

Ongoing and future model development 

The following are some of the ways we are developing and enhancing the model: 

 Incorporation of two more production areas (Little Wenatchee River, Wenatchee River 

mainstem below Lake Wenatchee) in the matrix model. In addition, we will add juvenile 

life history variation (subyearling and yearling).  

 We are working toward incorporating relationships between habitat and survival so the 

effects of habitat actions can be evaluated. 

 Exchange of individuals between production areas. 

 Develop parameters to explore scenarios of smolt downstream mainstem survival (  ) to 

model scenarios of PUD dam operations. 

 Incorporate hatchery effects on wild fish (see Buhle et al., this document). The 

Wenatchee basin has two different types of spring Chinook salmon supplementation 

programs occurring simultaneously: integrated hatchery operations, with the goal of 

supplementing the endangered wild fish to help meet viability and recovery goals; and, 

segregated hatchery operations, as compensation for loss of fishing opportunities as a 
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consequence of dam construction.  Integrated programs use broodstock collected from 

wild returning spawners and whose progeny are intended to mix with the wild population.  

The Wenatchee spring Chinook integrated hatchery program incorporates a sliding scale 

designed to reduce hatchery contributions to natural areas if natural returns show 

sustained increases (see for example the Hatchery and Genetic Management Plans, here 

http://wdfw.wa.gov/hatcheries/hgmp/2002-2005_archive.html or here 

http://www.nwr.noaa.gov/Salmon-Harvest-Hatcheries/Hatcheries/HGMPs-under-

Review.cfm).  Segregated programs use non-ESU sourced broodstock with the goal of 

minimizing their progeny from interbreeding with wild fish. 

 Update parameters from the 2007 TRT matrix model with data subsequently collected. 

 Climate change effects on freshwater survival, both tributary (Crozier and Zabel, this 

report) and mainstem survival, and ocean survival, over short (25 yr) and long term time 

horizons, and extreme events both in magnitude and frequency of occurrence. 
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Appendix A 

Model results 

The follow table displays results for 100 years, with 1,000 runs for each of 162 different combinations of scenarios and 

parameter perturbations. 

 

 

Table A.1: Full results for simulations that extended for 100 years.  QET is the quasi-extinction threshold probability. 

 

 

Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
2
 K 

R/S at 

0.2*K 

Bad Current Current Current Current 236.9 149.9 245 160 0.667 0.047 0.744 0.092 0.485 0.761 1559.61 1.193 NA 0.799 

    +10% 571.3 246.5 576.8 252.6 0.723 0.046 0.956 0.187 0.058 0.974 2479.477 1.216 NA 0.979 

    -10% 61.5 60.1 64.9 66.8 0.582 0.045 0.601 0.055 0.945 0.65 1027.849 1.195 NA 0.699 

   +10% Current 468.5 217.1 476.9 227.9 0.705 0.046 0.876 0.135 0.131 0.972 1567.388 1.194 NA 0.977 

    +10% 956.6 327.5 958.8 346.2 0.743 0.044 1.176 0.334 0.004 1.258 2168.74 1.197 445.4 1.197 

    -10% 163.9 121.4 171.3 128.4 0.642 0.048 0.694 0.083 0.702 0.762 819.8329 1.218 NA 0.8 

   -10% Current 87 75.9 92 83.3 0.611 0.048 0.637 0.062 0.914 0.692 1654.068 1.218 NA 0.737 

    +10% 283.1 169.5 292.8 179.5 0.681 0.047 0.776 0.104 0.412 0.882 1305.389 1.167 NA 0.904 

    -10% 18.6 22.7 20.7 28 0.513 0.044 0.521 0.048 0.999 0.567 439.5546 1.198 NA 0.62 

  +5% Current Current 232.4 148.4 241.8 156.4 0.665 0.047 0.74 0.09 0.52 0.861 1144.27 1.228 NA 0.885 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
2
 K 

R/S at 

0.2*K 

    +10% 565.8 243.6 571.8 253.9 0.721 0.045 0.941 0.173 0.066 1.116 1656.809 1.175 171.9 1.091 

    -10% 59.4 58.5 63.4 65.1 0.58 0.046 0.599 0.057 0.962 0.665 965.7367 1.243 NA 0.713 

   +10% Current 454 227.8 461 233.8 0.706 0.045 0.876 0.148 0.149 0.885 2632.361 1.215 NA 0.906 

    +10% 947.9 343.2 952.2 363.7 0.743 0.046 1.173 0.319 0.006 1.228 2445.729 1.217 454.8 1.175 

    -10% 156.6 116 163.9 126.4 0.635 0.045 0.684 0.075 0.731 0.722 1870.715 1.145 NA 0.765 

   -10% Current 84.3 74.6 88.1 81.4 0.608 0.047 0.634 0.061 0.915 0.696 895.0033 1.186 NA 0.741 

    +10% 274.9 157.2 283.6 163.2 0.679 0.047 0.77 0.101 0.403 0.911 1203.874 1.264 NA 0.928 

    -10% 18.2 24.8 20 29.6 0.514 0.043 0.521 0.046 0.998 0.51 1327.773 1.241 NA 0.565 

  -5% Current Current 236.7 149.1 246.1 156 0.667 0.047 0.743 0.095 0.521 0.856 1570.354 1.22 NA 0.881 

    +10% 562.5 240.3 566.8 248.8 0.721 0.046 0.936 0.166 0.068 1.013 2130.583 1.223 26.3 1.01 

    -10% 67.1 66.9 72.1 76 0.584 0.046 0.605 0.061 0.945 0.629 654.5442 1.174 NA 0.679 

   +10% Current 475.4 226.8 481.6 236.2 0.707 0.045 0.888 0.154 0.104 0.967 1799.636 1.208 NA 0.973 

    +10% 955.2 330 962.1 349.3 0.746 0.044 1.178 0.308 0.004 1.043 2938.308 1.204 121.1 1.034 

    -10% 161.6 114.6 168.4 123.6 0.642 0.047 0.691 0.072 0.708 0.711 1137.807 1.223 NA 0.755 

   -10% Current 95.7 81.8 101.2 88.6 0.613 0.049 0.642 0.064 0.886 0.727 983.9617 1.251 NA 0.769 

    +10% 293.8 176.9 304 185.9 0.684 0.047 0.783 0.112 0.371 0.949 1516.825 1.21 NA 0.959 

    -10% 19.7 25.3 21.3 29.7 0.517 0.046 0.525 0.051 0.996 0.526 2071.804 1.209 NA 0.581 

 +10% Current Current Current 371.6 198.8 379.5 206.5 0.696 0.044 0.83 0.126 0.23 0.914 1605.47 1.193 NA 0.93 

    +10% 789.5 291.8 789.4 303.1 0.739 0.045 1.091 0.287 0.018 1.089 2586.046 1.255 211.8 1.07 

    -10% 120.9 102.6 127.3 109.4 0.623 0.046 0.659 0.072 0.834 0.689 1298.34 1.161 NA 0.735 

   +10% Current 669.9 275.5 675.9 293 0.727 0.046 0.995 0.193 0.021 1.114 1997.401 1.233 203.9 1.089 

    +10% 1265.2 379.7 1274.2 414.3 0.756 0.044 1.399 0.503 0.001 1.348 2904.313 1.176 749.3 1.26 

    -10% 266.6 165.6 274.3 172 0.673 0.046 0.76 0.097 0.451 0.815 1471.776 1.149 NA 0.846 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
2
 K 

R/S at 

0.2*K 

   -10% Current 170.9 123.8 178.9 131.2 0.65 0.046 0.702 0.077 0.679 0.74 1235.226 1.203 NA 0.78 

    +10% 442.6 211.2 449.6 220.3 0.709 0.046 0.876 0.146 0.135 0.87 2023.822 1.221 NA 0.894 

    -10% 40.9 44.2 44 50.7 0.559 0.046 0.572 0.053 0.981 0.579 828.1936 1.157 NA 0.632 

  +5% Current Current 373.8 193.2 383 204 0.696 0.044 0.831 0.123 0.232 0.905 1455.244 1.258 NA 0.923 

    +10% 810.8 306 814.7 322.1 0.737 0.046 1.097 0.294 0.006 1.234 1980.062 1.213 374.9 1.179 

    -10% 107.6 86 113.1 93.4 0.619 0.047 0.653 0.065 0.867 0.707 788.8928 1.244 NA 0.751 

   +10% Current 662.4 269.3 668.7 278.9 0.725 0.046 0.989 0.197 0.033 1.035 2163.383 1.163 72.4 1.028 

    +10% 1234.9 382.4 1241.9 416.6 0.758 0.044 1.343 0.416 0 1.166 3376.256 1.187 480.3 1.128 

    -10% 262.4 162.4 271.7 171.1 0.674 0.046 0.76 0.102 0.468 0.792 1620.992 1.215 NA 0.827 

   -10% Current 153 114.7 158.6 120.7 0.645 0.046 0.693 0.077 0.743 0.683 2047.473 1.206 NA 0.729 

    +10% 442 212.5 448 219.3 0.709 0.045 0.875 0.135 0.146 0.941 1498.971 1.2 NA 0.952 

    -10% 36 38.1 38.4 42.9 0.555 0.044 0.567 0.05 0.992 0.621 468.5606 1.163 NA 0.672 

  -5% Current Current 392.9 202.1 402 211.7 0.699 0.046 0.838 0.129 0.197 0.876 1961.639 1.175 NA 0.898 

    +10% 850.7 305.5 853.2 326.4 0.737 0.043 1.104 0.264 0.009 1.177 2591.844 1.19 389.7 1.137 

    -10% 122.3 99.7 127.9 108 0.624 0.047 0.661 0.067 0.838 0.682 1350.598 1.216 NA 0.728 

   +10% Current 680.6 274.4 687.3 284.2 0.731 0.046 1.01 0.208 0.023 1.107 1655.472 1.199 159.5 1.084 

    +10% 1268.4 380.3 1274.2 411 0.759 0.045 1.394 0.432 0.001 1.155 4027.253 1.221 541.2 1.12 

    -10% 274.9 163.3 284.7 175.7 0.677 0.046 0.767 0.099 0.426 0.92 1395.386 1.182 NA 0.935 

   -10% Current 175.2 122.3 181.2 127.5 0.652 0.047 0.706 0.076 0.667 0.699 2108.809 1.222 NA 0.744 

    +10% 460.2 219.8 464.3 227.8 0.712 0.048 0.887 0.146 0.137 0.957 1642.083 1.214 NA 0.965 

    -10% 42.3 48.9 45 53.9 0.561 0.047 0.573 0.053 0.971 0.628 565.0986 1.189 NA 0.678 

Recent Current Current Current Current 468.3 205.1 494.3 224.5 0.666 0.046 0.778 0.136 0.093 0.799 2481.445 1.314 NA 0.832 

    +10% 912.5 292.7 944.9 323.8 0.712 0.046 1.045 0.283 0.008 1.009 3352.714 1.308 30.2 1.007 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 

C
li

m
a

te
 

H
y

d
ro

 

H
a

rv
es

t 

P
o

st
 s

3
 o

ce
a

n
 

P
re

sp
a

w
n

in
g

 

a
n

d
 s

1
 

Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
2
 K 

R/S at 

0.2*K 

    -10% 180.6 116.3 196.6 129.5 0.607 0.046 0.64 0.07 0.595 0.688 1463.27 1.317 NA 0.734 

   +10% Current 782.8 281.5 802.9 307.2 0.699 0.046 0.945 0.236 0.015 1.159 2544.737 1.332 349 1.123 

    +10% 1352.4 373.3 1394.4 425 0.734 0.046 1.366 0.501 0 1.2 2956.732 1.319 492 1.154 

    -10% 359.2 174.5 382 188.6 0.646 0.047 0.729 0.113 0.198 0.753 1951.753 1.306 NA 0.792 

   -10% Current 244.5 145.1 264.5 162 0.625 0.046 0.674 0.083 0.432 0.737 1761.069 1.276 NA 0.778 

    +10% 534.4 229.1 560.7 250.2 0.681 0.046 0.821 0.154 0.061 0.831 2762.742 1.299 NA 0.86 

    -10% 77.5 73.2 87.3 85.4 0.55 0.042 0.565 0.052 0.903 0.565 1498.406 1.318 NA 0.618 

  +5% Current Current 469.8 216.7 491.3 233.8 0.664 0.046 0.772 0.142 0.108 0.805 2938.026 1.352 NA 0.837 

    +10% 908.9 291.2 939.4 320.7 0.71 0.047 1.036 0.292 0.004 0.974 4122.78 1.307 NA 0.979 

    -10% 184.4 125.3 201.7 142.6 0.604 0.044 0.641 0.071 0.618 0.633 4078.225 1.289 NA 0.683 

   +10% Current 761.3 269.6 788 298.4 0.696 0.048 0.934 0.248 0.013 0.89 3539.872 1.297 NA 0.91 

    +10% 1346.8 371.5 1382.4 405.1 0.736 0.045 1.382 0.528 0 1.049 3998.68 1.315 188.6 1.039 

    -10% 359.7 186.5 383.7 205.2 0.644 0.047 0.72 0.109 0.235 0.774 2203.283 1.287 NA 0.811 

   -10% Current 243.8 139.2 264.5 154.5 0.624 0.048 0.673 0.088 0.454 0.707 1720.46 1.301 NA 0.751 

    +10% 542.3 223.2 567.9 244.6 0.679 0.049 0.817 0.153 0.069 0.883 2759.032 1.375 NA 0.904 

    -10% 74.1 68 83.6 78.6 0.548 0.044 0.564 0.053 0.914 0.557 1509.827 1.25 NA 0.611 

   Current Current 486.2 210.5 507.3 224.7 0.669 0.046 0.788 0.145 0.1 0.809 3086.998 1.278 NA 0.841 

    +10% 931.2 313.9 959.4 342.3 0.711 0.046 1.052 0.33 0.002 0.871 4402.254 1.259 NA 0.894 

    -10% 190.7 129.8 207.1 143.9 0.605 0.046 0.641 0.073 0.571 0.689 2291.452 1.317 NA 0.735 

   +10% Current 791 278.7 819.4 306.7 0.699 0.045 0.966 0.252 0.01 0.957 2743.653 1.293 NA 0.965 

    +10% 1392.2 370.6 1433.2 419.7 0.733 0.044 1.397 0.533 0 1.087 4167.645 1.318 334.9 1.069 

    -10% 362.2 185.1 383.5 198.7 0.646 0.045 0.724 0.11 0.218 0.729 2845.828 1.356 NA 0.771 

   -10% Current 258.6 149.6 281.1 166.3 0.628 0.046 0.68 0.087 0.435 0.647 5575.526 1.292 NA 0.696 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
2
 K 

R/S at 

0.2*K 

    +10% 552.3 235.2 576.5 255.5 0.682 0.046 0.828 0.162 0.057 0.874 2571.063 1.298 NA 0.896 

    -10% 72.9 62.2 82.2 74 0.551 0.044 0.567 0.054 0.925 0.544 3449.459 1.348 NA 0.599 

 +10% Current Current Current 672.7 256.8 701.9 282.7 0.69 0.048 0.881 0.196 0.014 0.897 3297.929 1.282 NA 0.916 

    +10% 1192.4 353.4 1229.7 398 0.729 0.045 1.23 0.42 0 1.532 2240.027 1.328 777.7 1.385 

    -10% 292.3 163.7 312.5 177.8 0.638 0.047 0.699 0.098 0.346 0.737 2994.751 1.261 NA 0.778 

   +10% Current 1047.5 329.4 1079 364.7 0.718 0.046 1.108 0.345 0 1.141 2903.645 1.292 359.5 1.11 

    +10% 1717.1 424.8 1767 483.6 0.748 0.047 1.708 0.805 0 1.24 4143.485 1.347 802.9 1.183 

    -10% 525.1 221.5 550.6 243.6 0.674 0.046 0.813 0.16 0.067 0.884 2802.009 1.336 NA 0.905 

   -10% Current 368 181.8 390.6 198.8 0.655 0.048 0.739 0.117 0.203 0.711 3654.343 1.265 NA 0.754 

    +10% 764.7 269.4 789.5 291.4 0.705 0.046 0.948 0.238 0.014 0.93 3538.018 1.329 NA 0.943 

    -10% 135.6 107.3 150.6 120.5 0.586 0.045 0.61 0.066 0.75 0.645 2279.413 1.285 NA 0.695 

  +5% Current Current 649.4 249.1 671.4 265.7 0.692 0.047 0.886 0.21 0.034 0.953 2270.602 1.272 NA 0.962 

    +10% 1177.8 341.4 1212.1 385.7 0.73 0.046 1.232 0.405 0 1.111 3411.443 1.292 339.9 1.087 

    -10% 290.4 163 314.4 182.9 0.634 0.047 0.695 0.097 0.333 0.809 1499.35 1.309 NA 0.841 

   +10% Current 1010.6 305 1039.3 350.8 0.719 0.046 1.108 0.349 0.002 1.041 3006.39 1.288 117.2 1.032 

    +10% 1692 417.6 1743.1 479.8 0.749 0.044 1.652 0.734 0 1.36 3547.224 1.29 939 1.269 

    -10% 520.5 217.6 547.8 239.8 0.669 0.046 0.797 0.154 0.068 0.807 3350.733 1.295 NA 0.84 

   -10% Current 358.5 178.1 380.3 194.2 0.653 0.046 0.732 0.11 0.218 0.752 2675.925 1.309 NA 0.791 

    +10% 738.2 268.5 761.8 296.2 0.702 0.047 0.926 0.23 0.014 1.002 2483.234 1.309 4.1 1.001 

    -10% 126.7 101.2 140.8 115.9 0.586 0.045 0.612 0.062 0.763 0.626 1390.56 1.306 NA 0.677 

  -5% Current Current 679.4 251 703.3 275.8 0.693 0.044 0.894 0.203 0.021 1.012 2397.309 1.312 29.5 1.01 

    +10% 1222.3 360.6 1259.2 404.5 0.731 0.046 1.261 0.473 0.001 0.969 4837.977 1.277 NA 0.975 

    -10% 301.7 167 322.7 179.1 0.635 0.045 0.696 0.1 0.325 0.719 3243.053 1.287 NA 0.762 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 

densities 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
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R/S at 

0.2*K 

   +10% Current 1049.3 325.4 1077.5 361.3 0.718 0.047 1.134 0.41 0 0.963 3753.921 1.349 NA 0.97 

    +10% 1715 420.8 1764.1 481.2 0.749 0.045 1.705 0.776 0 1.382 3531.322 1.304 975.6 1.284 

    -10% 531.1 229.6 554.7 251.9 0.671 0.045 0.809 0.151 0.081 0.766 4185.094 1.341 NA 0.803 

   -10% Current 388.9 199.2 408.8 213.8 0.658 0.045 0.746 0.117 0.195 0.804 2169.509 1.321 NA 0.837 

    +10% 773.5 280.4 798.1 310.1 0.704 0.046 0.954 0.24 0.013 0.993 3251.054 1.364 NA 0.994 

    -10% 137.2 100.5 151.6 112.9 0.586 0.045 0.612 0.065 0.731 0.617 2394.266 1.278 NA 0.669 

Historical Current Current Current Current 1551.2 485.7 1536.3 518.6 0.731 0.048 1.155 0.41 0.008 1.043 5325.101 1.31 217.2 1.034 

    +10% 2375.3 600.4 2372.8 678 0.754 0.049 1.55 0.827 0.001 1.444 5299.425 1.297 1628.6 1.326 

    -10% 845.5 328.5 845.9 346.6 0.699 0.046 0.91 0.19 0.095 0.972 3988.979 1.29 NA 0.978 

   +10% Current 2130 579.1 2123.6 649.5 0.744 0.046 1.506 0.982 0.001 1.317 5732.752 1.306 1380.4 1.239 

    +10% 3238.6 724.3 3258.6 842.6 0.763 0.047 2.151 2.095 0 1.576 6809.806 1.255 2488.8 1.413 

    -10% 1276.7 436.4 1271.3 474.5 0.717 0.049 1.047 0.29 0.012 1.003 4831.449 1.272 13.2 1.002 

   -10% Current 992.9 376.8 998.6 409 0.71 0.048 0.961 0.223 0.059 0.964 4535.725 1.296 NA 0.971 

    +10% 1697.7 482.6 1689.6 530.1 0.739 0.048 1.203 0.455 0.001 1.136 5160.439 1.249 618.1 1.106 

    -10% 486 242.5 496.7 255.3 0.668 0.049 0.789 0.113 0.369 0.776 6399.816 1.327 NA 0.813 

  +5% Current Current 1498.4 454.7 1492.9 498.1 0.729 0.047 1.118 0.367 0.007 1.05 5439.606 1.281 258.2 1.039 

    +10% 2422.9 613.6 2433 690.6 0.752 0.047 1.63 1.05 0 1.3 7138.118 1.288 1647 1.226 

    -10% 823.7 334.7 827.5 356.1 0.697 0.049 0.901 0.172 0.104 0.858 4077.497 1.286 NA 0.883 

   +10% Current 2108.5 558 2098.3 628.8 0.744 0.047 1.438 0.733 0.001 1.154 6554.972 1.304 875.1 1.12 

    +10% 3203 709.4 3213.4 797.2 0.763 0.046 2.063 1.448 0 1.366 6657.903 1.321 1783.9 1.273 

    -10% 1274.1 420.6 1276 458.4 0.717 0.048 1.051 0.288 0.021 1.008 5816.109 1.349 46.9 1.006 

   -10% Current 995.4 373.9 997.2 401.3 0.708 0.048 0.951 0.205 0.065 0.921 4453.693 1.276 NA 0.935 

    +10% 1672.1 511.1 1665 558.2 0.738 0.045 1.203 0.455 0.004 1.112 6173.081 1.283 621.1 1.088 
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Scenarios and parameter perturbations 

Spawners Recruits per spawner 

QET 
B-H parameters and recruits per spawner 

at 0.2*K Geomeans Medians R/S 
R/S at low 
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Mean SD Mean SD Mean SD Mean SD Mean a a/b σ
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R/S at 

0.2*K 

    -10% 472.5 238.6 485.3 250.4 0.666 0.049 0.789 0.117 0.385 0.771 3015.29 1.305 NA 0.808 

  -5% Current Current 1571.6 475.3 1568.8 523.2 0.733 0.047 1.167 0.504 0.003 1.124 5193.627 1.335 574.1 1.097 

    +10% 2404.5 587.3 2406.1 667.5 0.755 0.045 1.572 0.983 0 1.304 6610.488 1.338 1541.3 1.229 

    -10% 847.1 332.3 850.3 352.3 0.699 0.049 0.906 0.18 0.088 0.933 3333.041 1.307 NA 0.946 

   +10% Current 2186.2 556.6 2177.2 624.2 0.744 0.046 1.454 0.852 0 1.193 6273.037 1.298 1016.7 1.149 

    +10% 3280.6 738.3 3300.7 868 0.764 0.046 2.18 1.576 0 1.463 7888.827 1.293 2497.2 1.339 

    -10% 1307.6 428.3 1319.8 474.8 0.719 0.048 1.059 0.302 0.02 1.04 4450.467 1.291 172.9 1.032 

   -10% Current 1008.5 367.5 998.8 392.4 0.711 0.046 0.974 0.214 0.041 0.984 4640.386 1.258 NA 0.987 

    +10% 1718 509.3 1720.2 562.6 0.737 0.046 1.237 0.494 0.004 1.193 4990.604 1.3 808.8 1.149 

    -10% 489.8 238.6 500.8 248.4 0.668 0.049 0.796 0.126 0.357 0.819 4168.943 1.364 NA 0.85 

 +10% Current Current Current 1941.1 552 1936.4 620.4 0.743 0.047 1.332 0.622 0 1.176 6133.83 1.268 915.8 1.136 

    +10% 2889.3 665.4 2898.7 763.7 0.765 0.047 1.911 1.435 0 1.36 6450.712 1.302 1707.8 1.269 

    -10% 1106.4 402.6 1100.7 426.5 0.713 0.048 1.003 0.258 0.037 0.909 6201.619 1.282 NA 0.926 

   +10% Current 2669.1 624.4 2674.9 712 0.755 0.048 1.8 1.497 0 0.74 61788894 1.395 NA 0.781 

    +10% 3820.9 879.6 3835.4 1012.2 0.773 0.049 2.404 1.874 0 1.534 8494.226 1.335 2957 1.386 

    -10% 1647.3 479.6 1645 530 0.73 0.047 1.171 0.421 0.003 1.065 5767.869 1.311 351.7 1.051 

   -10% Current 1307.4 429.6 1300.6 465 0.727 0.049 1.063 0.351 0.01 1.049 5373.311 1.318 250 1.039 

    +10% 2094 553 2077 611.3 0.749 0.047 1.41 0.677 0.001 1.328 5379.348 1.307 1329 1.246 

    -10% 688.9 291.4 693.1 304.4 0.692 0.05 0.867 0.154 0.171 0.877 3879.241 1.289 NA 0.899 

  +5% Current Current 1923.5 512.8 1913.7 564.8 0.738 0.045 1.297 0.546 0 1.075 6621.677 1.293 461.7 1.059 

    +10% 2851.6 681.3 2846.8 773.9 0.762 0.046 1.866 1.488 0 1.263 7481.045 1.28 1556.3 1.2 

    -10% 1114.7 381 1124 418.5 0.712 0.049 0.99 0.248 0.035 0.953 5720.326 1.253 NA 0.962 

   +10% Current 2605.4 618.9 2591.3 699.2 0.757 0.046 1.688 1.013 0 1.498 5373.772 1.328 1787.5 1.363 
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    +10% 3814.3 787.1 3837.7 904.2 0.772 0.045 2.495 1.84 0 1.586 7169.708 1.262 2649.9 1.42 

    -10% 1624.5 487.8 1625.2 532 0.729 0.047 1.154 0.401 0.006 1.084 6002.483 1.304 463.4 1.066 

   -10% Current 1278.2 421.5 1273.2 453.8 0.725 0.049 1.07 0.302 0.008 1.154 3943.89 1.257 527.4 1.12 

    +10% 2065.4 570.5 2063 649.2 0.749 0.047 1.394 0.781 0 1.26 6217.766 1.357 1281.3 1.197 

    -10% 685 298.9 690.4 316.4 0.691 0.049 0.872 0.16 0.189 0.854 4399.823 1.28 NA 0.88 

  -5% Current Current 1952.3 538.6 1951.5 611 0.744 0.049 1.327 0.568 0.001 1.205 5279.935 1.328 897.8 1.157 

    +10% 2970.8 685.6 2984.1 789 0.764 0.048 1.951 1.215 0 1.459 6977.437 1.282 2196.7 1.337 

    -10% 1153.5 401.2 1160.3 440.7 0.713 0.048 0.999 0.241 0.032 1.008 4433.643 1.306 36.9 1.007 

   +10% Current 2698.4 663 2700.1 767.2 0.752 0.046 1.671 1.068 0 1.262 6819.676 1.3 1415.7 1.199 

    +10% 3883.4 801.2 3903.5 923.7 0.771 0.047 2.622 2.4 0 1.524 8060.963 1.313 2772.9 1.38 

    -10% 1667 490.2 1665.8 549.2 0.733 0.048 1.187 0.459 0.009 1.07 6600.968 1.271 429.5 1.055 

   -10% Current 1334.6 415.5 1328.3 455 0.725 0.05 1.077 0.295 0.018 1.009 5131.155 1.3 46.1 1.007 

    +10% 2129.7 562.6 2126.6 613.7 0.751 0.047 1.435 0.714 0 1.098 7443.144 1.313 663.5 1.077 

    -10% 706.3 301.5 720.4 321.6 0.69 0.048 0.865 0.163 0.172 0.844 3488.758 1.326 NA 0.871 
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CHAPTER 2: EXAMPLES OF FRESHWATER HABITAT 
RELATIONSHIPS IN LIFE CYCLE MODELS 

2.5 Population responses of spring/summer Chinook salmon to projected 
changes in stream flow and temperature in the Salmon River Basin, Idaho 

Lisa G. Crozier (NWFSC) and Richard W. Zabel (NWFSC)  

 

Abstract   
Climate plays a key role in determining whether a given habitat can sustain viable 

populations. Considering how climate change might influence population viability is 
increasingly recognized as a crucial step in recovery planning and evaluation of the risk posed by 
specific human actions. The first step in evaluating the vulnerability of species protected under 
the Endangered Species Act to climate change is to describe population sensitivity to particular 
components of climate. We use two methods to assess the extent to which variation in stream 
and air temperature and stream flow explains variation in juvenile survival of spring/summer 
Snake River Chinook salmon. We first analyzed second year (parr-to-smolt) survival as a 
function of biotic (fish length and fish density) and abiotic conditions (air and water 
temperatures, and flow), based on 182,846 fish individually marked from 1992 to 2010 in 14 
populations. After grouping the populations into four clusters based on similarity in time series 
of annual survival, we found that September-October mean monthly flow was an important 
predictor of juvenile survival; flow and fish length together explained the vast majority of annual 
variation in survival in most (10/14) of the populations analyzed (r2

MF=0.923 for the largest 
cluster from the Middle Fork Salmon River and r2

SF=0.82 for the second largest cluster, mostly 
from the South Fork Salmon River. Fish length and the size of the spring freshet better explained 
parr-to-smolt survival of the two-population cluster (r2=0.41). In the final cluster of two 
populations, fish density and summer mean air temperature explained most of the variation in 
survival (r2=0.79).  

In our second method, we analyzed parr-to-smolt survival simultaneously with total 
spawner-to-smolt productivity in a two-stage Beverton-Holt model.  In this analysis, fall flow 
and summer air temperature (mean of monthly May-August temperatures) affected either the 
productivity or maximum recruitment parameters of the parr-to-smolt transition. We fit this 
model using a hierarchical Bayesian framework for the nine populations for which spawner data 
from brood years 1962 to 2010 was available, treating population as a random effect. Parameter 
estimates converged for seven populations. Allowing the environmental factors to influence the 
productivity term explained more variation in the data than putting the influence in the capacity 
term. As fall flow increased, parr-to-smolt survival increased for all populations, but temperature 
had either negative or neutral impacts, which mirrors the results of the first analysis. We then 
embedded the resulting model of spawner-to-smolt productivity as a function of environmental 
conditions into a pre-existing life-cycle model for these seven populations.  

To assess the impact of climate change on these populations, we first collected projections 
of future hydrological conditions driven by output from seven to ten Global Circulation Models 
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(GCMs) and a model-average projection for two emissions scenarios (A1B and B1) produced for 
the 4th IPCC Report (IPCC 2007).  We also applied two methods of downscaling (Bias Corrected 
Statistical Downscaling and a Hybrid Delta method) to the climate inputs. We explored the 
BCSD results as continuous annual projections from 1950 to 2098, and the “Hybrid Delta” 
method at three time periods (centered on the 2020s, 2040s, and 2080s), for a total of 98 
Transient scenarios and 420 Hybrid Delta scenarios of freshwater conditions. In addition, we 
combined the projected changes in freshwater conditions with two scenarios of ocean conditions: 
the historical ocean conditions from 1946-2001, which included both favorable and unfavorable 
periods for these populations, and warm-ocean conditions which predominated from 1977 to 
1997, because all GCMs project rising sea surface temperatures. Thus we explored 1036 
scenarios. 

The projected changes in hydrological conditions based on the most recent GCMs differ 
from models we used previously (i.e., those used in Crozier et al. 2008b).  In particular, the 
recent models predict that although stream temperatures will increase, fall precipitation will also 
increase in the Salmon River Basin. When we applied these projections, the three populations 
which had negative survival responses to increasing temperatures showed declines, but the other 
four populations benefitted from projected increases in fall flows under both ocean conditions. 
Extinction risks (defined as the 4-year running mean spawner abundance dropping below the 
minimum in the historical record) were below 40% in all but one population, but they dropped 
over time in that one. All populations suffered under warm-ocean conditions, and quasi-
extinction risks rose to over 50% in three populations, emphasizing that we need to consider 
potential climate-change impacts across all life stages. 

We conclude that our approach has analytical appeal in solving simultaneously for climate 
and density impacts across multiple life stages. However, because temperature appears to have 
positive impacts on the spawner-to-parr stage but negative impacts on the parr-to-smolt stage, by 
lumping the two stages together in our spawner-to-smolt likelihood function, most populations 
showed neutral net effects to temperature. The extent to which this trade-off will continue to 
balance out as unprecedented temperatures develop in the streams is unknown. Furthermore, 
projected increases in flooding and climate impacts on other life stages could have unaccounted 
for negative impacts. Nonetheless, based on our current knowledge and climate projections, we 
do not foresee major negative impacts on the parr-to-smolt life stage in most high-elevation 
Salmon River Basin Chinook salmon populations. 
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Introduction 
Environmental factors profoundly influence organismal physiology and behavior, inducing 

ecological and evolutionary responses during environmental change. Environmental factors 
affect fish directly, for example, through acute stress or by influencing energetic costs. These 
impacts probably act primarily through processes that are independent of fish density (e.g., Rand 
et al. 2006; Hurst 2007; Portner and Knust 2007). Environmental conditions also affect fish 
indirectly by acting throughout the food web, affecting habitat structure, the quantity and quality 
of prey available (Power et al. 2008), as well as pressure from competitors and predators 
(Kuehne et al. 2012). These impacts are more likely to vary with the number of fish using the 
habitat, and hence interact with intra-specific density dependent processes. For example, Crozier 
et al (2010) found that the net effect of temperature can reverse, from being positive at low fish 
density to negative at high fish density. Other studies have also found changes in the direction of 
temperature effects at different fish densities (Kiffney et al, personal communication). In other 
cases, abiotic conditions, especially flow, dominate fish response over density limitation 
(Davidson et al. 2010). Regardless, awareness of the need to analyze both density-dependent and 
density-independent processes is steadily growing. 

For salmon and trout, different aspects of the environment are important in each life stage 
and each geographic location the fish inhabit (Crozier et al. 2008a; Jonsson and Jonsson 2009; 
McDaniels et al. 2010; Healey 2011). In freshwater, winter floods (Dumas et al. 2007) and 
sediment or silt often limit egg survival (Scheurer et al. 2009); temperature and flow cause 
complicated patterns of growth, survival and movement in smaller streams during juvenile 
rearing (e.g., Quinn 2005; Davidson et al. 2010; Xu et al. 2010) and temperature and stream flow 
affect energetics and survival of migrating juvenile and adult salmon (Baker et al. 1995; Rand 
and Hinch 1998; Smith et al. 2003; Crossin et al. 2008; Keefer et al. 2008b; Zabel et al. 2008; 
Hague et al. 2011). Conditions in the Columbia River affect upstream migration timing (Keefer 
et al. 2008a), survival (Keefer et al. 2008b), energetic reserves and fertility (Mann 2007). Pre-
spawn mortality in Alaskan salmon populations relates closely to density and temperature (Quinn 
et al. 2007). Freshwater growth conditions have delayed effects as well, influencing both the 
timing of smolt migration and ocean survival (Zabel and Achord 2004; Scheuerell et al. 2009). 
Atmospheric processes that pump ocean currents and drive coastal upwelling profoundly 
influence juvenile survival at sea (Pearcy 1992; Mantua et al. 1997). More specifically, sea 
surface temperature (SST) and height, salinity, the Pacific Decadal Oscillation (PDO), 
upwelling, wind stress or curl, and mixed-layer depth correlate well with marine growth and 
survival for Chinook (Quinn et al. 2005; Scheuerell and Williams 2005; Zabel et al. 2006; Wells 
et al. 2008) and coho salmon (Ryding and Skalski 1999; Cole 2000; Hobday and Boehlert 2001; 
Koslow et al. 2002; Wang et al. 2009). These processes may often be density dependent 
(Ruggerone et al. 2007). Ultimately, our life cycle analysis will include all of these impacts. 
However, in this report, we focus on developing techniques and analyzing the interplay between 
density, temperature and flow from spawner to smolt stages. Future work will incorporate 
additional migration and marine influences.  

Here we build upon previous analyses with additional data on the influence of climatic 
drivers, specifically temperature and stream flow, on parr-to-smolt survival in spring/summer 
Snake River Chinook salmon, and broaden this analysis to integrate environmental and density 
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effects on freshwater productivity. We then project population dynamics under various scenarios 
of climate change. We present preliminary results to demonstrate the approach and propose 
further integration of the effects of changes in mainstem Columbia River conditions and 
additional scenarios of ocean conditions. 

Background on Snake River spring/summer Chinook salmon  

Snake River spring/summer Chinook salmon spawn and rear in tributaries of the Salmon 
River in central Idaho, the Grand Ronde and Imnaha rivers in northeastern Oregon, and the 
Tucannon River in southeast Washington (Fig 1).  In response to severe population declines 
throughout the second half of the 20th century, they were listed as threatened under the 
Endangered Species Act in 1990 (NMFS 1992). This document is part of the evaluation of the 
ongoing impact of the Federal Columbia River Power System (FCRPS) on species recovery. 

Most of the spawning and rearing habitat of the populations considered in this analysis 
falls within legally protected wilderness areas, although agriculture, especially cattle grazing and 
water withdrawals, and a history of mining and logging influence some of the populations. 
Habitat varies from arid grasslands to subalpine forest (Paulsen and Fisher 2001). Juveniles 
spend a full year in tributaries before migrating 1100-1500 km through the lower Snake and 
Columbia rivers to the Pacific Ocean. They return to natal habitats to spawn only once after 1-3 
years in the ocean. 

Here we focus on fourteen populations in the Salmon River Basin with intensive juvenile 
survival studies since 1992, nine of which have been monitored through spawner surveys since at 
least 1962 (Table 1).  Only one of these populations, South Fork Salmon River, has a significant 
influx of hatchery fish. The remaining populations are wild and spawn and rear in lightly- or 
moderately-disturbed habitat.  

The climate of the region is cold in the winter, building a persistent snowpack that melts in 
a large pulse in April or May. Summers are relatively dry, resulting in low flows in late summer. 
Fall rains add flow volumes to streams until temperatures drop and the precipitation changes to 
snow. Despite the high elevation (1100-2100 meters above sea level), weekly-average, maximum 
daily water temperatures can reach 20-25ºC (Table 1). 
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Name Elevation Cluster Mean surv 
1992-2010

Length 
2009

Ntagged Mean spawners 
1962-2008

Min 
spawners

Tmax 
2009

Distance to 
LGD (km)

Mean pass-
age date

Bear Valley 1946 MF 0.153 62.4 16299 700 97 20.5 628 134.2
Big Creek (lower) 1170 BL 0.284 67.4 10424 20.2 489 137.3
Big Creek (upper) 1753 BS 0.15 59.3 13936 322 54 15.3 489 127.1
Camas 1570 MF 0.188 64.0 10042 150 9 18.6 526 133.6
Cape Horn 2013 MF 0.159 57.0 6650 17.0 635 135.5
Elk 1985 MF 0.177 64.2 15060 20.5 698 119.7
Herd 1768 MF 0.191 67.5 8757 17.1 727 127.8
Lake 1856 SF 0.133 53.4 8192 17.1 556 130.8
Loon 1676 BL 0.243 63.6 9395 196 17 17.5 631 127.6
Marsh 2010 MF 0.17 62.0 13738 493 56 19.1 697 124.3
SFSR 1585 SF 0.122 67.2 15034 1368 297 20.0 429 121.2
Secesh 1735 SF 0.16 57.2 17648 460 79 19.5 460 135.4
Sulphur 1983 BS 0.155 69.8 8313 224 19 17.3 606 136
Valley 1969 SF 0.103 60.4 29358 317 19 23.1 745 141.7

Table 1. Selected characteristics of populations in this study. Columns show tagging elevation (m), 
cluster assignment, mean parr-to-smolt survival, the mode fish length in 2009 (mm), the total number of 
fish tagged, and mean and minimum spawner abundance. This minimum defined the threshold for quasi-
extinction. Subsequent columns show the weekly average daily maximum temperature at each site in 
2009, a relatively warm year, distance from the tagging location to the recapture site at Lower Granite 

 Dam, and the mean date of passage for each population, in days since January 1.
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Part 1: Parr-to-smolt survival 

Methods: parr-to-smolt survival  
Survival estimates 

We first analyzed how parr-to-smolt survival relates to variation in temperature and stream 
flow based on data from 1992-2010. Juvenile fish move around extensively; nonetheless, a 
significant portion stays near the spawning habitat through their first summer, where Achord et 
al. (2007) have studied their survival until migration the following spring. Here we summarize 
their methods only briefly (see Achord et al (2001) and Zabel and Achord (2004) for more 
details). We focused on fish that were collected from 14 streams in July or August of their first 
(parr) year. Each individual was weighed and measured for fork length, then implanted with a 
Passive Integrated Transponder (PIT) Tag. In-stream detector arrays recorded individual fish 
passage once they entered the hydrosystem on the Columbia and Snake Rivers. We used 
overwinter survival estimates from tagging sites to the first dam they encountered during the 
smolt migration, Lower Granite Dam, informed by the detection ability estimated by subsequent 
detections downstream using the capture-recapture program SURPH (Lady et al. 2001).  

Prior to analyzing environmental effects, we grouped populations by similarity in annual 
variation in survival. Grouping helped to extract common trends among populations and 
increased power overall because most populations lack data for one or more years during the 
study period. For comparison with previous work, we grouped the populations into the same four 
clusters as Crozier and Zabel (2006), shown in Table 1. This grouping was based on the average 
Euclidean squared distance in all pairwise population comparisons from 1992 to 2003 using the 
“hclust” and “dist” functions in R (R 2010). We calculated the cluster-level “year effects” 
regression analysis using the equation: 

Logit (ϕs,y) = β0 + βs + βy + εs,y         [1] 

for the sites within a given cluster. The βs are regression coefficients for the intercept, site 
and year effects, with binomially-distributed error. We use a logit link for survival (ϕ) because 
the interval from 0 to 1 bounds population survival; we treated site and year as unordered factors.  

Previous analyses showed that survival displayed both size-selective and density-
dependent characteristics (Zabel and Achord 2004). To include these factors, we applied the 
same clustered-regression approach. We estimated density as catch per unit effort of 
electroshock sampling (see Achord et al. 2003) during tagging, and fish length as the modal 
length (see Crozier et al. 2010) of all fish collected in a given population by year. 

Temperature and stream flow 

Previously, Crozier and Zabel (2006) found that stream flow within the various tributaries 
to the Salmon River correlated strongly with stream flow in the Salmon River at Salmon, Idaho 
(Station ID 13302500, USGS 2005). Because the latter has the longest historical flow record 
with the fewest data gaps, and the best representation in the hydrological model used in the next 
step in our analysis, we used monthly mean flow in the Salmon River, at Salmon, Idaho, as our 
regression predictor of survival.  
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We included in-stream temperature measurements and air temperatures in the Salmon 
River Basin in our model. Our previous analysis found that cumulative growing degree days 
measured in the stream correlates strongly with May-August mean hourly or daily air 
temperature, which was also a strong predictor of fish length in Crozier et al (2010).  Air 
temperature reflected monthly mean temperature averaged across seven meteorological stations: 
Taylor Ranch, Yellow Pine Bar, Middle Fork Lodge, Grangeville, McCall, Stanley, and Warren, 
Idaho (WRCC 2011). We filled in missing data by regression with the station with the highest 
pairwise correlation coefficient. 

Achord’s team has installed and maintained water temperature data logging equipment at 
permanent locations that measure stream temperature hourly at all of the tagging locations, but 
these time series vary in duration. The longest temperature records date from December 1993 at 
sites in Marsh Creek in the Middle Fork Salmon River, Valley Creek and the Sawtooth Fish 
Hatchery on the upper Salmon River (Fig 1). Studies in the South Fork Salmon River began in 
1998 at Knox Bridge and Secesh River. An additional tributary site on the Middle Fork Salmon 
River was added in 2006, Lower Big Creek.  We included Lower Big Creek in our analysis to 
have two sites on each of the major tributaries (South Fork, Middle Fork, and Upper Salmon 
River). We analyzed water temperatures up through summer 2011.  

To capture minimum and maximum annual temperatures at different sites, we calculated 
January mean temperature (Tjan), the warmest 7-day running mean of daily maximum 
temperature (Tmax) the warmest 7-day running mean daily mean temperature (Tmean), and 
average hourly temperature from May through August (Ts) at each site. If any temperatures were 
missing during the warmest week each year, we excluded that year/site combination from the 
analysis.  

We first analyzed the spatial correlation in temperature before selecting a single 
temperature record for further modeling. We conducted this spatial analysis because each 
population is presumably directly affected by temperatures within their stream, and thus we 
expect variable exposure to heat stress, for example, or limited growth opportunity due to cool 
temperatures, to be driven by local processes. However, juveniles can leave the reach in which 
they were tagged if conditions become unsuitable, so individual stream temperatures are not an 
absolute constraint. However, they do represent different rearing environments around the basin, 
which should be considered in evaluating their response to temperature variation. We further 
wanted to test how strongly interannual variation was correlated among streams, to determine the 
representativeness of a single time series for this driver. 

The temperature analysis showed that correlation coefficients were consistently highly 
positive between sites within each of the major tributaries and between sites in tributaries of the 
Middle Fork and the Upper Salmon rivers (r = 0.89-0.95 in all pairwise comparisons). The South 
Fork differed from the other reaches (r = 0.68-0.71 in Tmax and Tmean). Ts was fairly consistent 
across the whole Salmon River Basin, with a minimum correlation coefficient of 0.81 (between 
the Sawtooth Fish Hatchery and Knox Bridge). The warmest stream was Valley Creek, with a 
Tmax of 24.5ºC; Tmax in the other creeks ranged from 20-22ºC. Tmean ranged from 15.3ºC at 
Marsh Creek to 21.7ºC at Valley Creek. However, the fish were not necessarily occupying these 
sites at the warmest time of year, thus we did not deem it useful to analyze survival as a function 
of site-specific maximum temperatures. Instead, we used the longest stream temperature record 
with the fewest data gaps (Sawtooth Fish Hatchery) to describe annual variation in temperature 
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throughout the basin.  We note that this approach is reasonable because although absolute 
temperatures vary from site to site, the site-specific coefficient in the regression equations has 
the effect of scaling temperature for each site. 

To assess how annual variation in flow, temperature, fish length and fish density explained 
variation in parr-to-smolt survival, we generated all possible linear models with at most three 
predictor variables from the following indices of annual variation. We tested two flow variables: 
maximum monthly flow and September - October mean flow; four stream temperature variables: 
mean January temperature, the warmest 7-day maximum temperature per year, the warmest 7-
day mean temperature per year, and mean summer temperature (May-August); and two air 
temperature variables: mean summer temperature (May-August) and the monthly mean of the 
warmest month each year. We further included two indices of biotic conditions: the mode of parr 
length at tagging and parr density at tagging. This resulted in a total of 175 models. We analyzed 
survival as a binomially-distributed variable using a logit-link function in R (R 2010) for each 
cluster separately. We used the Akaike Information Criterion corrected for small sample size 
(AICc) to compare support for different models, which penalizes models with additional 
parameters. 

Results: parr-to-smolt survival 
Parr-to-smolt survival in both of the large clusters (that included 10 of the 14 populations) 

was best explained by fish length and fall flow (r2=0.92 for Middle Fork cluster, and r2 = 0.82 for 
the South Fork cluster, Table 2, Fig. 2). Adding summer air temperature explained slightly more 
of the variance, but not enough to warrant the addition of another parameter based on AIC 
(�AIC=1.2 for both clusters). Nonetheless, it is worth noting for future analyses that the highest 
r2 came from a combination of length, mean summer air temperature, and fall flow. 

Upper Big Creek and Sulphur Creek (which comprised cluster BS) parr-to-smolt survival, 
on the other hand, was best explained by fish density and air temperature (Table 2, r2=0.79); the 
addition of flow did not improve the model fit. Our predictor variables explained much less 
variation in Lower Big Creek and Loon Creek (which comprised cluster BL). The best model 
included fish density and maximum flows during the smolt year (Table 2, r2=0.41). Fall flow 
explained only slightly less variation than peak flow. 

Post-hoc examination of individual populations indicated that the best environmental 
predictor variable at the population level was the same as that at the cluster level, with just a few 
exceptions. Bear Valley and Loon Creeks individually were much better predicted by length and 
Ts than any flow variable. 

It is also worth noting that in all cases, regression coefficients on flow were positive. All 
temperature coefficients were negative when combined with length. When the model included 
temperature and spawner density instead of length, most temperature coefficients were negative, 
but Upper Big Creek and South Fork Salmon River had positive coefficients, and all of these 
coefficients were closer to zero than when length was in the model.  
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Figure 2. Graphs of predicted and observed survival based on the top model for each cluster listed in 
Table 2. Clusters consist of year effects for the following population groupings: MF=Marsh, Cape Horn, 
Bear Valley, Elk, Camas, Herd; SF=Lake, Secesh River, South Fork, Valley Creek; BS=Upper Big Creek 
and Sulphur Creek; BL=Lower Big Creek and Loon. The 1:1 line is shown.  
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Cluster Rank Model ΔAIC r2 RMSE

MF 1 L + SO 0 0.921 0.023

2 L + SO + Ts.air 1.2 0.933 0.022

3 L + SO + Tmax.air 2.7 0.927 0.023

4 L + Ts.MayAug + SO 2.8 0.927 0.023

5 D + L + SO 3.5 0.923 0.024

SF 1 L + SO 0 0.823 0.022

2 L + SO + Tmax.air 1.2 0.845 0.021

3 L + Tmean7 + SO 1.4 0.844 0.022

4 D + L + SO 1.6 0.841 0.022

5 L + SO+ Fmax 2.8 0.831 0.022

BS 1 D + Ts.air + Tmax.air 0 0.794 0.03

2 D + Tmax.air 1.2 0.679 0.036

3 D + SO + Tmax.air 2.5 0.755 0.033

4 D + L + Tmax.air 2.6 0.752 0.033

5 D + Ts + Tmax.air 3.5 0.735 0.034

BL 1 D + Fmax 0 0.413 0.058

2 D 0.4 0.222 0.064

3 L 0.9 0.198 0.065

4 D + SO 2 0.328 0.062

5 Fmax 2.5 0.105 0.068

6 SO 2.6 0.1 0.068

7 Ts 2.9 0.082 0.069

Table 2. Generalized linear regression model selection results of predictors of parr to smolt survival, 
showing the top models for each cluster. For populations included in each cluster, see Table 1. Parameter 
abbreviations are: L -- mode fish length at the time of tagging; D – parr density at the time of tagging; 
SO -- September and October mean flow during the parr year on the Salmon River, measured at Salmon, 
Idaho; Ts.air – monthly mean air temperature from May through August at weather stations listed in the 
text; Tmax.air – monthly mean temperature of the warmest month each year; Tmean7 – 7-day running 
mean daily stream temperature of the warmest week each year; Fmax – maximum monthly mean flow 
during the smolt migration year.  The ΔAIC shows the difference between the listed model AICc 

(corrected for small sample size) and the best model; r
2
 shows the variation explained by the model, and 

 RMSE shows the root mean squared error.
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Part 2: Life-cycle modeling under various climate scenarios  

Methods: life-cycle modeling 
Life-cycle model structure 

We applied the life cycle model developed originally in Zabel et al (2006). The model is 
explained in detail elsewhere (ICTRT and Zabel 2007) and thus we briefly describe it here. This 
is a stochastic, age-structured matrix model where multiple life stages can be included in a given 
annual step.  We modified the spawner-to-smolt transition stages but used the same assumptions 
regarding upstream and downstream survival, relative adult fertility, and ocean survival as in 
previous analyses.   

The matrix has the form: 

A(t) = 

0)1(000

00)1(00

000)(0

0000)(

)()(000
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3

3

2

544

o

o
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where si determines the survival rate at age or stage i and might be a stochastic process or depend 
on environmental or anthropogenic conditions, indexed by year t. The stages are defined as 
A=adult migration upstream, in-river harvest, prespawn survival and egg deposition; age 2 
includes parr and smolt stages and downstream migration survival; ocean entry occurs at age 3 
and describes most of the variation in ocean survival, which depends on migration and early 
ocean conditions; and so describes later ocean survival, which is fixed as a constant in these 
scenarios (0.8). Salmon spawn at a variety of ages, captured in the propensity to breed term, bi, 
which governs the fraction of the cohort that spawns at age 3, 4 and 5 years old. The fertility 
term, F(t), describes the production of parr from adults (or the number of eggs times first year 
survival) in year t, which is part of our spawner-to-smolt productivity function.  

Spawner-to-smolt productivity 

The life-cycle model separates the spawner-to-parr transition from the parr-to-smolt transition. 
We parameterized equations for both of these stages, but we used a combination of stage-specific 
data and information derived for the combined spawner-to-smolt transition. We first describe the 
equations, and then the data sources we used to estimate the parameters. 

Previous analyses have applied a Beverton-Holt function to the spawner-to-parr transition 
(Zabel et al. 2006; Crozier et al. 2008b). We followed this tradition, using this form of that 
function:  

1

1

1

1
c

Sp
Sp

Rparr 



         [2] 
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where R is the number of recruits (in this case, parr), S is the number of spawners, p1 is the 
productivity parameter, and c1 is the asymptotic (maximum) recruitment parameter for the 
transition, which we will refer to as a “capacity” parameter.   

For the parr-to-smolt transition, results from the analysis described above demonstrated 
that parr density could be important for explaining survival. Thus we needed a second density-
dependent function. To be consistent with the previous transition and for mathematical 
tractability, used a second Beverton-Holt function: 

2

2

2

1
c

Rp

Rp
R

parr

parr
smolts 




         [3] 

In cases where one has independent estimates of parr and smolt density, one can fit each 
of these equations separately. However, our data consisted of parr-to-smolt survival estimates, 
and the combined spawner-to-smolt transition. To fit the latter, we used the product of two 
Beverton-Holt functions (Moussalli and Hilborn 1986): 
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      [4] 

where Rsmolts  is the smolt estimates, and S is the spawner estimate. 

 The absence of parr densities also complicated fitting of equation 3. To fit the tagging 
data, we assumed that the estimate survival rate of tagged fish represented the population as a 
whole. We then allowed the model to fit Rparr as a latent variable (i.e., a quantity estimated 
within the code for each year and population, but not directly fit to data or output). We then used 
the equation: 

2
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2

1
c

Rp
p

R

R

parrparr

smolts




        [5] 

 in which Rsmolts/Rparr is estimated by mark-recapture survival estimates (the number tagged and 
the number recaptured, by population and year), and the parrR is carried forth from equation 2.  

Based on the results of our parr-to-smolt survival analysis, we elected to explore models in 
which either p2 or c2 (but not both) are functions of summer air temperature and fall flow. We 
reasoned that environmental factors could impact the population in various ways.  If 
environmental conditions primarily affect mean growth rate, for example, through temperature 
controls on consumption efficiency or flow-limited prey availability or access to habitat, it would 
be essentially density-independent--at least across the range of conditions experienced during the 
study. On the other hand, one might expect flow to primarily affect habitat area and temperature 
to influence prey production, either of which would manifest in a more density-dependent 
manner. We expected a predominately density-independent influence to make p2 more 
responsive to environmental conditions, and a density-dependent influence to regulate c2. Of 
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course, both processes could be at play and both p2 and c2 could be influenced by environmental 
conditions, but we did not have sufficient data to test this hypothesis. 

Because p2 is essentially describes parr survival and hence must lie between 0 and 1, we 
modeled it as a logit function: 

logit(p2) = β0 + βFF + βTT       [6] 

where the βs are fitted regression coefficients, F is mean September-October monthly flow at 
Salmon River, Idaho, and T is mean monthly air temperature in the Salmon River Basin from 
May to August. Alternatively, we tested models where the capacity parameter, c2, was a function 
of environmental conditions. Capacity is naturally constrained between 0 and infinity, which we 
accommodated by using this equation: 

c2 = exp(β0 + βFF + βTT)        [7] 

In either case, the full model has 7 parameters counting the error term. 

Spawner and smolt estimates 

The most important data driving our parameter estimates was the population-specific 
spawner counts, age distributions and harvest rates from 1962-2008 from the Northwest 
Fisheries Science Center Salmon Population Summary (SPS) Database (available online at 
https://www.webapps.nwfsc.noaa.gov/sps). Estimates of the proportion of spawners in each age 
class each year allowed us to associate returning adults with their brood year. To estimate the 
number of smolts that had produced that number of returning adults, we first factored out annual 
harvest rates H within the Columbia River associated with the return year, assuming harvest is 
not age selective (but see Paulsen, Chapter X) as follows: 
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We then used the smolt-to-adult return rate from Lower Granite Dam to Lower Granite Dam for 
the entire Snake River spring/summer ESU, SAR, assuming they smolt at age 2, using the TRT 
estimates (ICTRT and Zabel 2007), and assuming a constant 0.9 survival from Lower Granite 
Dam to spawning grounds sp using the equation 

py

yadults
ysmolts sSAR

R
R




2

,
,         [9] 

to solve for smolts produced in year y (Rsmolts,y). 

Environmental Data 

Flow records to fit equations 6 and 7 from Salmon River, ID (USGS 2005) are complete 
for 1963-2009 (parr year associated with brood years 1962 to 2008). Historical temperature 
records from summer mean air temperature (mean monthly May-August temperature) were 
available for three meteorological stations (McCall, Grangeville, and Warren, ID, Fig 1). We 
averaged across the three stations, using pair-wise regression to fill in missing data. However, 
fewer weather stations recorded air temperature in the earlier years. We standardized temperature 
and flow prior to model fitting. 
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Model Fitting 

All of the populations in this study lie within a single ESU and further, within a single 
river basin. Thus, one can think of each population as a random sample drawn from the larger 
range of demographic and environmental conditions around the Salmon River Basin. Our cluster 
analysis (Table 2, Fig. 2) demonstrated that most of the populations had generally similar 
responses to environmental conditions, although individual populations varied somewhat. We 
therefore chose to treat the coefficients that relate flow and temperature to survival, B0, BF, and 
BT, as random effects drawn from a normal hyperdistribution representing the Salmon River 
Basin more generally.  

βi ~ N(μi,σ
2

i)         [10] 

where μi and σ2
i determine the mean and variance of the hyperdistribution for parameter βi.. 

We initially treated the productivity and capacity terms (p1,c1 and c2) as fixed effects by 
population but found we did not have sufficient power to estimate all of the parameters. We 
therefore pooled the populations by treating these parameters also as random effects. Fortunately, 
parameters that could be estimated as fixed effects produced very similar estimates as our 
random-effects approach, suggesting shrinkage did not greatly affect our results. Nonetheless, 
the algorithms we tried were unable to estimate all of the parameters with uninformative priors, 
so we imposed an informative prior on the mean and the standard deviation of the 
hyperdistribution for parameter c1 as follows: 

ci ~ LN(μc1, σ
2

 c1)        [11] 

μc1~ N(2, 0.36)         [12] 

σ c1~ U(0.2,1)         [13] 

where LN is a lognormal distribution and U is a uniform distribution. To conduct the analysis, 
we used JAGS with the R2jags package in R (R 2010). We ran 3 chains for 200000 iterations, a 
burn-in of 100000, a thinning rate of 100 and 3000 iterations saved. We validated the model by 
visually assessing traceplots of MCMC chains to look for evidence of convergence on parameter 
values, and by checking the Gelman and Heidel diagnostics. Quantitative and qualitative model 
diagnostics indicated MCMC chains did not converge for South Fork Salmon River and Secesh 
River, so we re-fit the model without these populations and present results only for the remaining 
populations.  

We compared models with the environmental factors in the productivity versus the 
capacity parameters (eqs 4 and 5) by the Deviance Information Criterion (DIC, Spiegelhalter et 
al. 2002). DIC is analogous to AIC in penalizing models with additional parameters, but DIC 
accounts for the hierarchical structure in our model, particularly in estimating the effective 
number of parameters. Finally, we used the resulting posterior samples as input vectors of 
parameters in our life cycle model. In every run of our simulation, we randomly select a stored 
iteration and apply the associated vector of seven parameters. 

Downstream survival 

As juveniles migrate downstream a variable proportion of them are transported in barges 
through the hydropower system and released below Bonneville Dam. Transported fish have 
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different rates of adult returns than fish that migrate in-river, based on PIT-tagged fish from 
1994-2001 (Berggren et al. 2006).  Although most of the actual mortality of transported fish 
probably occurs in the ocean (survival during transportation sT is estimated at 0.98), we applied 
this differential survival (D) to the downstream migration stage because it is directly related to 
their migration history and varies with freshwater climate conditions rather than ocean 
conditions. In general, we drew D from a lognormal distribution with a mean of 0.46 and a 
standard deviation of 1.4, fit from the PIT-tag data. However, D was quite high in one year of the 
study (2001, D=2.2). We therefore matched hydrological conditions in 2001 to the historical 
conditions, and applied this high D to two other drought years (1973 and 1977). In these 
scenarios, we held the proportion transported and in-river survival constant. Ongoing work at the 
NWFSC is updating these relationships, and will be included in future iterations of the model. 
Total downstream survival, sd, is as follows: 

sd(t) = D(t)  · pT · sT + (1 − pT) · sI        [14] 

where sd(t) is survival of downstream migrants, pT (t) is the portion of fish arriving at the 
uppermost dam that were transported (Marmorek etal. 1998; Williams et al. 2005), sT(t) is the 
survival of transported fish, and sI (t) is the survival of in-river migrants (ICTRT and Zabel 
2007).   

Ocean survival 

Some of the most profound impacts of environmental conditions on salmon occur during 
their first year in the ocean, captured in our s3(t) term. ICTRT and Zabel (2007, pp 23-26) 
analyzed this stage specifically, and identified three factors that characterize variation in this 
term: mainstem Columbia River water travel time, April upwelling off the mouth of the 
Columbia, and the Pacific Decadal Oscillation index for September.  Water travel time reflects 
the passive transport time from McNary Reservoir to Bonneville Dam during the migration 
period (Apr 16-May 31), driven largely by total Columbia River flow for a given reservoir 
volume. The PDO and upwelling indices describe how favorable ocean conditions are for 
juvenile salmon: cooler, high nutrient water corresponds to a negative PDO and strong 
upwelling. This term varies stochastically but we used historical conditions from 1946 to 2001 as 
the baseline for our simulations.   

Upstream survival and age-specific fecundity 

Although variable estimates of upstream survival have been used in previous analyses 
(ICTRT and Zabel 2007), because our purpose is primarily projecting fish responses assuming 
hydrosystem conditions will remain similar to their current state, we applied a constant (0.7254) 
natural survival, and in-river harvest rate of 7%. Future work will elaborate on how upstream 
survival varies with river conditions, fish age, and anthropogenic factors, such as spill and 
whether the fish was transported as a juvenile (see chapter by Paulsen, this volume). Finally, we 
accounted for higher egg production of older spawners by multiplying the number of 5-year old 
spawners by 1.26 (in F5).  

Climate scenarios 

Our primary purpose in quantifying the impact of temperature and flow on freshwater 
productivity was to assess how the latest projections of climate change might impact population 
viability. Uncertainty in climate projections occurs at several levels in the modeling hierarchy. 
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First there is uncertainty in the rate at which greenhouse gases will be emitted over the next 
century -- in other words, in human behavior (“emissions uncertainty”). We explored two 
scenarios developed for the IPCC Fourth Assessment (Nakicenovic and Swart 2000). Both 
emissions scenarios assumed declining global population and new, efficient technologies in the 
second half of the 21st century. The “B1” scenario includes a relatively optimistic projection of 
rapid technological advances and reduced CO2 emissions early in the century, while the “A1B” 
scenario assumes more “business-as-usual” over the next few decades (IPCC 2007). Because of 
the lag in the atmospheric processes that link CO2 emissions and climate response, the two 
scenarios are relatively similar in climate impact until about 2040, after which they diverge 
progressively. Observations of recent emissions have exceeded all but the highest projections, 
and hence are more consistent with the A1B scenario (Manning et al. 2010; Peters et al. 2012). 
Although emissions could easily exceed either of these projections, they represent a range of 
reasonable scenarios.  

Given a particular pattern of human behavior, our imperfect understanding of physical 
processes introduces uncertainty in how the climate will respond. The IPCC encouraged multiple 
independent groups to develop climate models with different assumptions to represent a range 
for this uncertainty. We capture this variability by using projections from 10 Global Circulation 
Models (GCMs). For the full references and description of each GCM, see Randall et al (2007), 
and for evaluation of their performance in recreating the historical climate in the Pacific 
Northwest, see Mote and Salathé (2010). The 10 GCMs selected for downscaling are a subset of 
the 21 run for the IPCC AR4. These 10 showed the least bias in temperature and precipitation 
and the most realistic seasonal climatic patterns for the Pacific Northwest 20th century climate, 
and yet still cover the full range of future projections from the larger ensemble  (Hamlet et al. 
2010). Of these 10 models, Hamlet et al (2010) downscaled 10 A1B scenarios, 9 B1 scenarios, 
and 7 “Transient” scenarios (see below) each for A1B and B1 emissions. We present both the 
average projections across GCMs within a scenario, which often correlates better with 
observations than any individual model (Reichler and Kim 2008; Pierce et al. 2009). We also 
present the distribution of population responses across all GCM models.  

Downscaling 

An additional level of uncertainty stems from the process of downscaling coarse GCM 
output at the scale of 100s of km to a finer spatial resolution that captures climate influences 
from regional topographic features, and corrects for bias in the raw GCM output. We employed 
two methods of downscaling: the “Delta” method, and “Bias Corrected Statistical Downscaling” 
(BCSD), explained in detail by Hamlet et al (2010). In the delta method, Hamlet et al calculated 
the monthly average change in temperature and precipitation at the regional scale averaged over 
a historical and future time period; in this case over 30 years (1970-1999 for the “historical” 
period, 2010-2039 for the “2020s”, 2030-2059 for the “2040s”, and 2070-2099 for the “2080s”). 
These deltas were then disaggregated to a daily time scale on a 1/16th degree grid cell. After bias 
correction, they applied these daily perturbations to a historical meteorological time series, which 
they then input into a hydrological model. This method preserved the historical temporal and 
spatial variability, avoided most biases of GCMs, and facilitated interpretation of differences 
between past and future time periods. In the BCSD method, GCM output was statistically 
corrected for bias in spatial and temporal variability and range, but more of the features of the 
original GCM output were preserved. This approach has the advantage of incorporating GCM-
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predicted changes in time series characteristics, but also risks introducing more bias from the 
GCM.  

The first set of results presented here employed a combination of these two approaches, 
called the “Hybrid Delta” method. In this approach, the BSCD method produced a monthly time 
series and quantile mapping was used to downscale to the 1/16th degree grid and then re-map the 
historical time series back onto the bias-corrected GCM projection. In this way, a consistent 
perturbation was applied to daily values within the month, but more of the GCM-induced 
changes to the time series were preserved than with the raw “Delta” method. Hence it preserves 
more of the historical time series than the standard BCSD approach but allows more time series 
evolution than the standard delta approach.  

Our second downscaling method stemmed directly from the BCSD method. This method 
produced a continuous time series of climate change from 1950 to 2098. We refer to these 
scenarios as “Transient” because they capture the process of CO2 accumulation in the 
atmosphere on an annual time step. We ran all of our simulations using the annual monthly 
temperature output from the BCSD method for the grid cell latitude 44.78125 and longitude -
115.0312 decimal degrees, and the annual monthly flows from our hydrological model (see 
below).  

The final stage in preparing environmental conditions for the model was to enter the 
precipitation, temperature, and other atmospheric conditions into a hydrological model that 
simulated stream flow. We used output from the Variable Infiltration Capacity Model (VIC), 
produced by the Climate Impacts Group at the University of Washington (available online at 
http://www.hydro.washington.edu/Lettenmaier/Models/VIC/). Both the Hybrid Delta and 
Transient scenario flows were bias-corrected through quantile regression against historical flows 
at the Salmon River, Salmon ID gauge station (Station ID: 13302500 
(http://waterdata.usgs.gov/usa/nwis/uv?site_no=13302500).We used the differential in air 
temperature projected by each GCM at a central location for our study sites, at the Middle Fork 
Lodge near Yellow Pine (SALYP 2031, available online at 
http://www.hydro.washington.edu/2860/). Current and projected future temperature differentials 
are very similar within the spatial extent of our field sites, so we considered this site 
representative for our study populations. 

Ocean conditions 

We simulated GCM-projected changes in freshwater temperature and flow under two 
ocean scenarios. The historical scenario used time series of the PDO, upwelling, and water travel 
time from 1946 to 2001. We do not yet have ocean projections at an appropriate resolution and 
confidence level for predicting how climate change might influence the PDO and upwelling. 
However, warming sea surface temperatures are highly certain (IPCC 2007). Relatively warm 
sea surface temperatures occurred from 1977 to 1997. Following Zabel et al (2006), we repeated 
these conditions for 100 years to mimic a generally warmer ocean. We used the same ocean 
conditions in 2020s, 2040s and 2080s scenarios, and repeated it continuously throughout the 
1950-2098 scenario, changing only the freshwater conditions over time, for a relative perspective 
on the impact of freshwater and ocean conditions on our population metrics. In each Transient 
simulation, ocean conditions followed the historical time series, but the start year was 
randomized, repeating the series as necessary. This caused the population projections for any 
particular year to average over a variety of ocean conditions across the simulations. 
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Simulations 

Transient scenarios produced model air temperature output for the entire period from 1950 
to 2098, so freshwater flow and temperatures were correlated to the extent that the hydrological 
model predicts this outcome over the entire simulation period. In our Hybrid Delta simulations, 
however, we lacked historical data prior to 1962. Thus for the years 1962 to 2005, air 
temperature and flow was correlated to the extent observed in the historical record. However, to 
fill in temperatures earlier in the century, we repeated the temperature record. This produced a 
less correlated and slightly warmer historical period than might have actually occurred. 
However, because all of our results compare modeled historical and modeled future conditions, 
the differential between scenarios is the key, rather than the absolute predictions. In the 
projections, we add the temperature perturbation associated with each future time period to the 
whole historical temperature time series, and randomize the start year for both freshwater and 
ocean time series. We used the differential in air temperature projected by each GCM for the 
Middle Fork Lodge near Yellow Pine (SALYP 2031, available online at 
http://www.hydro.washington.edu/2860/), which is centrally located among the populations in 
this study Fig. 1.  

All of the runs included 100 years of population dynamics. The environmental records 
were extended to 100 years by repeating the time series as many times as necessary. Because the 
raw records had different lengths, ocean, temperature and flow achieved different combinations 
at different points in the time series. We initialized each run with a random start year, and ran 
1000 simulations per scenario. 

In summary, our scenarios were as follows. We tested 7-10 GCMs plus their model-
average, two emissions projections, two downscaling methods, in which the “Hybrid Delta” 
method was applied at three time periods (centered on the 2020s, 2040s, and 2080s), for a total 
of 98 Transient scenarios and 420 Hybrid Delta scenarios of freshwater conditions. In addition, 
we combined the projected changes in freshwater conditions with two scenarios of ocean 
conditions: the historical ocean conditions from 1946-2001, which included both favorable and 
unfavorable periods for these populations, and warm-ocean conditions which predominated from 
1977 to 1997. Thus we explored 1036 scenarios. 

 

Response metrics 

We analyzed several metrics of population performance during our model simulations. In 
each simulation, we tracked 1) whether the population dropped below the historical minimum in 
the 4-year running-mean spawn abundance within either 25, 50, or 100 years. The quasi-
extinction risk was the percentage of runs within a scenario in which a population fell below this 
threshold. We also calculated 2) the geometric mean and standard deviation of the 4-year 
running-mean spawner abundance per run across all runs within a scenario, 3) mean recruits per 
spawner, and 4) mean parr-to-smolt survival. Finally, we estimated 5) the productivity and 
capacity parameters for a single Beverton-Holt model (eq. 2, below) to spawner and adult recruit 
time series produced by a subset of simulations within each scenario. We report the productivity 
associated with spawners at 20% of the estimated carrying capacity across scenarios. 
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Results: life-cycle modeling 
Spawner-to-smolt productivity 

We estimated parameter values for the two-stage Beverton-Holt for seven populations and 
compared model fit between two models. The model with environmental factors in the parr-to-
smolt productivity parameter (eq. 6) had a much lower DIC (a difference of 56) than in the parr-
to-smolt maximum recruitment parameter (eq. 7), suggesting temperature or flow, or both, acted 
in a primarily density-independent manner. Therefore, we used the environmentally-driven 
productivity model in the life-cycle analysis.  

We found a positive correlation between flow and parr-to-smolt productivity for all 
populations (Table 3, parameter B1, and Fig. 3A.), although the posterior had a long-tailed 
distribution that included negative coefficients in some populations. The variance was especially 
high in Loon and Big Creek. Temperature, on the other hand, had either a neutral or negative 
impact on smolt productivity. The 95% credible limits on the temperature coefficient included 0 
in most populations. However, nearly all posterior estimates were negative for Bear Valley 
(100%) and Sulphur Creeks (99.2%), and Valley Creek (97%, Fig 3B).  
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mean

p1 c1 B0 B1 B2 c2

Bear Valley Cr 6.26 72.685 ‐0.315 0.269 ‐0.226 1.832

Big Cr 11.61 2.085 1.191 1.233 0.304 1.263

Camas Cr 4.3 15.231 1.483 2.268 0.078 1.366

Loon Cr 8.42 0.795 1.766 0.418 ‐0.037 1.139

Marsh Cr 4.96 25.51 0.852 1.464 0.068 1.574

Sulphur Cr 5.79 29.467 ‐0.022 0.9 ‐0.137 1.255

Valley Cr 10.58 25.833 ‐0.494 0.919 ‐0.064 1.271

sd

p1 c1 B0 B1 B2 c2

Bear Valley Cr 1.1 67.096 0.2 0.191 0.067 1.109

Big Cr 3.11 0.617 0.845 0.503 0.179 1.054

Camas Cr 0.92 22.252 0.245 0.195 0.038 1.067

Loon Cr 1.74 0.2 1.227 0.708 0.355 1.032

Marsh Cr 0.98 24.734 0.367 0.248 0.053 1.09

Sulphur Cr 1.03 29.722 0.293 0.225 0.059 1.045

Valley Cr 2.05 25.23 0.222 0.161 0.033 1.045

Table 3. Mean and standard deviation in parameter estimates for the two-stage 
Beverton- Holt model (equation 3). Productivity  (p1) is in hundreds,  capacities (c1 and 
c2) are in hundred thousands. The regression coefficients, B0, B1 and B2, determine 
parr to smolt productivity (p2) according to equation 4.  B1 and B2 apply to 

 standardized flow and temperature, respectively.
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Climate projections 

All GCMs predicted that temperature will increase the next century (Fig. 4). The model-
average projected the Salmon River Basin will warm 1.7ºC by the 2020s, 2.7ºC by the 2040s, 
and 4.6ºC by the 2080s for the A1B scenario, and 1.4ºC, 2.0ºC, and 3.2ºC, respectively for the 
B1 scenario. Although generally projections are much more variable across GCMs for 
precipitation than temperature, most of this uncertainty occurred in the winter (November-
February). There was little GCM model variation in precipitation in September, centered around 
no change in precipitation. There was more variation and all models predicted increases in 
precipitation in October by the 2080s. Thus projected September-October mean flows tended to 
become more variable with more high flows, especially for the A1B scenario (Figs. 5 and 6).  
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Figure 4. The top graph shows the range of temperature offsets from historical mean summer 

temperatures (May-August, 
o
C) used in our simulations. The top row shows temperatures 

projected for three time periods (the 2020s, 2040s, and 2080s) with the Hybrid Delta method 
across 10 GCMs downscaled for the Middle Fork Lodge site. The lower row shows projected 
mean summer air temperatures for the transient simulations for the A1B (left) and B1 (right) 
scenarios. 



2.5 Salmon River Basin Chinook salmon responses to climate change 

23 

 

  

Figure 5. Box and whisker plots of mean Sept-Oct flow in the historic record, and then for the model average across all GCMs 
and each GCM individually for each time period using the Hybrid Delta method for A1B and B1 emissions scenarios. For full 

 GCM references, see Randall et al 2007.  
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Population responses 

Populations diverged in their response to climate change, depending mostly on whether 
temperature significantly impacted smolt production. Because the climate change scenarios 
project increasing flows and temperatures, the net impact on each population depended on the 
relative influence of these two parameters (Fig 3). The three populations with negative responses 
to rising temperature (Bear Valley, Sulphur, and Valley Creek) showed population declines, 
despite the positive effects of increasing flows under both the Hybrid Delta scenarios (Fig. 7) and 
the Transient scenarios (Fig. 8), and under both historical and warm ocean conditions.  
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Figure 7b. This graph shows mean 4-year running average spawner 
abundance across all simulations within each scenario by population 
under historical ocean conditions. The distribution in each time 
frame shows the range of results from different GCMs, with the 
median indicated by the horizontal line. The red boxes show the 
A1B emissions scenario, and the green boxes show the B1 scenario. 
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conditions and 14 model scenarios (7 GCM x 2 emissions) of continuous annual climate 
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 abundance in the 1960s. 
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 Figure 8b. As in Fig. 8a, but under warm-ocean conditions.
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 Nonetheless, even the declines in mean spawner abundance and parr-to-smolt survival 
(Fig. 9) did not drive up extinction rates substantially under historical ocean scenarios (Fig. 10). 
The remaining four populations with neutral responses to temperature benefitted substantially 
from rising flows: parr-to-smolt survival increased, spawner abundance rose, and extinction rates 
dropped (Figs. 7-10).   
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Extinction risks elevated distinctly for all populations under poor ocean conditions (Fig. 
10a, red lines show warm ocean, black lines show historical ocean conditions). Nonetheless, they 
remained relatively low for all but Bear Valley, Big and Marsh creeks. In all populations, the 
mean abundance of spawners was dramatically lower under poor ocean conditions (Fig 7a)–on 
the order of one third to one half of the historical mean. 
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Productivity when spawners were at 20% of maximum recruitment was generally above 1 
and did not show strong trends (Fig 11). 
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Figure 10b. This graph shows probability of quasi-
extinction across all simulations within each scenario 
using historic ocean conditions by population. The 
distribution in each time frame shows the range of results 
from different GCMs, with the median indicated by the 
horizontal line. The red boxes show the A1B and the 

 green boxes show the B1 emissions scenario.
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Figure 11. Recruits produced when spawners are at 20% of carrying 
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Discussion  
We explored the population-level responses of a set of populations to a wide range of 

climate scenarios, given sensitivity to climate in two life stages. Consistent with previous 
analyses (Crozier et al. 2008b), we found that some populations are more vulnerable to projected 
climate changes than others. The models are still incomplete because climate change will affect 
additional stages of the life cycle beyond those modeled here, so our results should not be used 
for final decision making. Nonetheless, they do capture a mosaic of responses and point to some 
potential benefits of increasing fall precipitation in this region. 

In this analysis we made two major innovations over previous work. First, we combined 
data from multiple sources and estimated parameter values for the spawner-to-parr and parr-to-
smolt life history stages simultaneously. Evidence for common environmental influences, 
especially summer temperature, on both stages, and as well as evidence that fish density affects 
survival in both stages motivated use of a two-stage Beverton-Holt model incorporating 
environmental effects. Second, we treated environmental influences as random effects and 
pooled data across populations in a hierarchical modeling framework. Populations still showed 
differential sensitivity to environmental factors and individual productivity and limitations in 
maximum recruitment, but we believe that with this approach we achieved a broader picture of 
environmental impacts across numerous small populations in relatively similar habitats within 
this basin. Our results do not apply to populations with dramatically different hydrologic 
regimes, such as the Lemhi, which suffers from extreme water withdrawal stress (Walters et al. 
2012) or populations heavily influenced by hatchery inputs, which have external drivers of 
productivity (e.g., Buhle et al. 2013) and potentially very high densities. But for most of the 
populations residing under relatively wild conditions at high elevation, our results indicate that 
the most significant environmental limiting factors in the spawner-to-smolt stage are fall flow 
and summer temperature. Ocean conditions profoundly affected population metrics as well, and 
when both ocean and freshwater climate changes had negative effects, such as in Bear Valley 
Creek, extinction risks increased dramatically. In some cases, however, benefits from changes in 
freshwater compensated for the modeled impacts of warming seas. 

Stream flow during the fall consistently correlated positively with parr-to-smolt survival. 
Summer temperature, however, acts in a more complicated manner. Specifically, warmer 
temperatures appear to have opposing effects in the two life stages we explored. In all of these 
populations, temperature correlated negatively with parr-to-smolt survival, after accounting for 
size-selective mortality. However, at least at the relatively low densities and temperatures 
observed, warmer streams tended to produce larger fish (Crozier et al. 2010). Thus the positive 
impact on growth appears to compensate for the other negative effects of higher temperatures in 
most populations, at least within the historical temperature range. Climate projections in 
temperature far exceed the historical range, however, and thus assumptions of linearity in this 
response should be treated cautiously. To extrapolate with greater confidence beyond the 
historical data, we need a more mechanistic understanding of the negative correlation between 
parr-to-smolt size-specific survival and temperature. However, at this point, we only saw 
negative net responses to temperature in a few populations.   

Fall flow correlated positively with parr-to-smolt survival in all of the populations; thus 
any increases in fall precipitation that accrue over the century will likely benefit this life stage. 
Because the climate projections suggest fall flows are unlikely to decline, we did not project 
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substantial population declines due to climate change. However, we emphasize some very 
important caveats to that conclusion. First, the role of temperature is not fully understood, and 
may be very important for some populations, represented here by Bear Valley and Sulphur 
Creeks. Second, in a few populations, maximum (spring) flows correlated with survival slightly 
better than fall flows (Table 2, BL cluster), and this response would have lowered survival in 
climate change scenarios had we used this metric in our life cycle model. We selected the more 
general response to fall flow, but this might overlook negative impacts in some populations.  
Third, projections based on trends in precipitation are highly uncertain, as evidenced from the 
reversal from earlier projections of drying during this time period (Crozier et al. 2008b). Fourth, 
projected extremely high fall flows (Fig. 5), unprecedented in our historical record, might have 
different population ramifications than our models imply. Flooding could impact habitat 
structure, quality, and quantity in unexpected ways. Fifth, and perhaps most importantly, 
detrimental impacts of climate change in several other life stages are very likely, but were not 
included in this analysis. For example, declining spring flows due to a reduced snowpack 
characterize the dominant hydrological change predicted by climate models for this region 
(Elsner et al. 2009; Mote and Salathé 2009); such declines could profoundly lower smolt survival 
in the river and upon ocean entry (Petrosky and Schaller 2010). Furthermore, higher mainstem 
temperatures will probably lower juvenile and adult survival -- unless shifts in migration timing 
can compensate for this threat, as exhibited in Columbia River sockeye adults (Crozier et al. 
2011). We have data on these relationships and are currently working to incorporate climate 
projections into these life stages.  More challengingly, non-linear temperature or flow effects 
could well develop when these streams exceed optimal conditions, with potentially complicated 
behavioral and physiological consequences. Finally, warm ocean conditions are well known to 
negatively affect Columbia River salmon ocean survival (Mantua et al. 1997), as shown in our 
warm ocean period, and yet it is not clear to what extent future oceans will mimic this scenario. 
Oceanographic models are rapidly improving representation of highly dynamics near-shore 
upwelling conditions which are crucial for fish, and we expect to incorporate these more robust 
ocean climate change simulations in the near future. 

We analyzed the impacts of flow and temperature in two independent analyses, first by 
subsetting populations into four clusters and studying parr to smolt survival alone, and then by 
treating population as a random effect in a hierarchical model, and combining spawner-to-parr 
and parr-to-smolt life stages. For the most part, we drew similar conclusions from the two 
exercises: fall flow was the most important environmental variable for most populations and it 
was positively correlated with survival. The populations that were not well explained in the 
former analysis, Big Creek and Loon Creek, also had the greatest uncertainty in the second 
analysis. In general, our conclusions differed only for one population, Bear Valley. This 
population originally clustered with most of the Middle Fork populations, which were driven 
largely by flow. However, upon reanalysis with additional years of data, this population appeared 
much more sensitive to high temperatures, and it showed the most pronounced declines in our 
climate change simulations. Finally, there was strong coherence between the response of parr-to-
smolt survival alone and patterns in population mean abundance, indicating that carrying 
capacity did not limit most populations in these simulations but freshwater productivity drove 
much of the population response. Extinction risks were generally low and were not significantly 
increased by these climate-change projections. 
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We focused exclusively on Chinook salmon, but other fishes in these streams can be 
important competitors or predators (Petersen and Kitchell 2001). Warm-water invasive species 
such as smallmouth bass will likely increase as temperatures rise (Rahel and Olden 2008; 
Sanderson et al. 2009; Lawrence et al. 2012) which can alter Chinook behavior (Kuehne et al. 
2012), and shifts in competitive dynamics with other salmonids could alter habitat usage 
(Wenger et al. 2011). Thus there are still many unknowns at both the individual and community 
level. Nonetheless, these projections are generally more optimistic than our previous analysis. 
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Introduction 

Oncorhynchus mykiss display a wide variety of life history strategies, including partial 

migration (where a portion of a common population migrates to the ocean while another portion 

matures in freshwater; Jonsson and Jonsson 1993). Rainbow trout remain in freshwater their 

whole lives and are not listed under the Endangered Species Act (ESA) whereas steelhead trout 

perform an anadromous migration to the ocean and are listed. Resident and anadromous O. 

mykiss coexist in sympatry throughout the Columbia and Snake River basins. A better 

understanding of the factors influencing the predominance of anadromous or residency and 

interactions between individuals with different life history tactics are important to better manage 

and understand population dynamics of O. mykiss populations.  

Life-cycle models can be used to better understand the life history strategies and 

dynamics of O. mykiss and evaluate their population dynamics both spatially and temporally 

(Roff 1992). Specifically, with such models, parameters associated with fish characteristics, such 

as survival, growth, and fecundity, and environmental features, such as carrying capacity, can be 

modified at different life-history stages to understand how habitat modifications and 

environmental conditions will affect fish abundances and characteristics at different stages.  

One challenge of building life cycle models is having adequate empirical data to populate 

its parameters. One of the most complete datasets available for O. mykiss in the interior 

Columbia River is from the Yakima River basin. The Yakima River Steelhead MPG is 

comprised of four distinct steelhead (anadromous O. mykiss) populations including upper 

Yakima, Naches, Toppenish, and Satus, all of which are listed under the Endangered Species Act 

(ESA). Two of these populations have been determined to be at high probability of extinction.  

The upper Yakima River steelhead population is regarded by NMFS as one of the most 

depressed (relative to its historical levels) independent steelhead populations in the Columbia 

River basin. At the time of the ESA listing, the geometric mean abundance was 85 adult 

spawners (WDFW, unpublished data). The current number of upper Yakima steelhead returns 

also likely reflects the fact that Roza Dam and its associated operations represented a seasonal 

barrier to anadromous passage from 1939 through the 1980s. As a result, it is not clear that the 

current population is at equilibrium and that the current returns represent the population’s full 

potential based on the current habitat. On the other hand, rainbow trout (resident O. mykiss) are 

abundant in the Upper Yakima River basin and support a popular wild trout fishery, and their 

abundance has been stable since monitoring began in 1990. Trout plantings in the Yakima River 

mainstem have not occurred since 1984 and tributary stocking has not occurred since the mid-

1990s. Genetic analysis indicated that resident trout are similar to native steelhead and quite 

distinct from hatchery stocks (Busack et al. 2005). Fewer data on resident O. mykiss in other 

regions of the Yakima River basin are available.  
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The Yakima River basin collects runoff from streams draining the eastern slopes of the 

Cascade Mountains. The upper basin is comprised of two large tributaries, the Naches and upper 

Yakima rivers. The Naches joins the Yakima River at rkm 183. The Yakima River then flows 

through the arid and irrigated Yakima Valley and joins the Columbia River 541 km upstream of 

the Pacific Ocean. The amount and type of precipitation (snow vs. rain) varies greatly between 

the upper and lower basins. Flows in both the Naches and upper Yakima river basins are altered 

from their natural regimes, in the Naches by summer releases from two storage reservoirs and the 

upper Yakima by summer releases from three headwater storage reservoirs. Releases from 

headwater storage reservoirs in the Naches and upper Yakima basins augment flows from late 

June through the end of August to meet downstream irrigation demands and support agriculture 

in the Yakima Valley. This alteration in flow regime has increased depths and velocities while 

reducing the thermal profile. These physical alterations are thought to favor resident production 

or, to some degree, allow the resident life history type to thrive in the upper Yakima mainstem 

(Courter et al. 2009). 

Anadromous adults swimming upstream from the ocean and bound for the basin cross the 

Prosser Dam at river kilometer (rkm) 74 and those bound for the upper Yakima River basin must 

cross Roza Dam at rkm 201. Downstream-migrating smolts are sampled at the Chandler Juvenile 

Facility located just below Prosser Dam. Distribution and spawn timing of adult steelhead in the 

Yakima River basin has been determined by a combination of redd surveys and radio-telemetry 

studies, and distribution and timing in all major tributaries is fairly well known. However, 

mainstem spawning activity in numerous reaches of the Yakima and Naches river segments is 

less documented, which is currently being addressed in a 3-year telemetry study spanning 2011-

2014. 

Steelhead spawning is less-widely distributed than that of rainbow trout but is within the 

geographic range of rainbow trout spawning. Resident rainbow trout and steelhead spawn timing 

is similar (in the spring), peaking later in the year as elevation increases. Based on recent genetic 

and otolith analyses and field observations (McMillan et al. 2007, Pearsons et al. 2007), rainbow 

and steelhead trout are likely to interbreed when their spawning areas overlap spatially and 

temporally. Not only do the two types of O. mykiss interbreed, both are capable of producing 

offspring of the other type (Zimmerman and Reeves 2000, Olsen et al. 2006, Kuzishchin et al. 

2007, Christie et al. 2011).  

Partial migration has been well documented in a variety of salmonid species (Jonsson and 

Jonsson 1993). Individuals are more likely to mature in freshwater when their physical needs are 

met; if not, they will smolt and make an anadromous migration to the ocean (Thorpe et al. 1998). 

The expression of anadromy and residency in O. mykiss is genetically control to some degree 

(Thrower et al. 2004, Hayes et al. 2012) and has been correlated with several physical and 

biological factors including (but not limited to) water temperature and flow, productivity, 

hydrology and geomorphology, spawning habitat conditions such as substrate size, fish density, 

cost of migration to and from the ocean, and mortality in the ocean (Gross 1987, Kristoffersen 

1994, McDowall 1997, Savvaitova et al. 2003, Baum et al. 2004, Hendry et al. 2004, Kuzishchin 

et al. 2007, Narum et al. 2008, Pavlov and Savvaitova 2008, O'Neal and Stanford 2011).  

The Yakima River basin, and the upper portion in particular, provides a unique study case 

and opportunity in which to develop models to understand resident and anadromous sympatric 

population dynamics in partially migratory O. mykiss populations, how these dynamics affect 

abundance trends over time, the relative proportions of anadromous vs. resident individuals 
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produced. Two models have been created for this purpose (Courter et al. 2009, Courter et al. 

2010).  

 

Methods 

Stochastic population dynamics life-cycle model to estimate O. mykiss abundance trends 
The first model (shown in Figure 2.7.1) is a stochastic population dynamics life-cycle 

model that estimates population abundance trends of resident and anadromous O. mykiss in the 

upper Yakima River basin (Courter et al. 2010). Resident and anadromous abundances differ 

greatly, with residents averaging about 13,000 annual spawners and steelhead surveyed at 221 

spawners in 2011. The model reconstructs trends from a 15-year dataset (1992-2006) of 

abundance, age structure, life history tactic, and maturation status. It captures breeding and 

competition interactions between anadromous and resident O. mykiss in areas where temporal 

and spatial overlap are known to occur, incorporates density-dependent dynamics, and predicts 

the spawner abundance trends and their life history tactic over time.  
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Figure 2.7.1. Diagrammatic representation of the upper Yakima basin O. mykiss population 

dynamics model (Courter et al. 2010). Am=anadromous males, Af=anadromous females, 

Rf=resident females, and Rm=resident males. 

 

 
 

 

For a given model run, the number of resident rainbow trout and steelhead of brood years 

0 and 1 were seeded with spawner abundances (life history tactic, sex, and age). Spawner 

abundance in subsequent years was a function of returning adult steelhead and mature resident 

rainbow trout available each year, determined via an empirically-based maturation schedule. The 

frequency of anadromous breeding pairs observed in the upper Yakima River basin (Karp et al. 

2009) along with observational data from the Olympic Peninsula of Washington state (McMillan 
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et al. 2007) were used to determine rates of interbreeding between resident and anadromous fish. 

For the model runs, three pairing events were simulated annually: anadromous males spawned 

preferably with anadromous females, resident females spawned with resident males, and 21-25% 

of anadromous females were fertilized by resident males. Sex ratios of anadromous and resident 

spawners were computed and compared to observed data.  

Rates of juvenile production were assumed to be directly related to spawner abundance, 

but productivity rates differed between steelhead and resident rainbow trout. Female steelhead 

are known to have higher fecundity compared to their resident counterparts. A constant female 

fecundity rate for each phenotype was estimated using a length-fecundity model previously 

developed for Yakima River Basin O. mykiss (Pearsons et al. 1993, Murdoch 1995). A length-

fecundity model was developed for steelhead based on adults sampled at Prosser Dam between 

1986 and 1987 (C. Frederiksen, unpublished data). Mean fecundity estimates were generated for 

both steelhead that had spent one and two years in the ocean using length and age data from fish 

sampled at Roza Dam (bound for the upper Yakima).  

The definitive expression of life history tactic (residency or anadromy) for mature 

spawners was uniquely determined for both female and male progeny produced from each of the 

four potential breeding crosses (anadromous female (Af) x anadromous male (Am), Af x resident 

male (Rm), resident female (Rf) x Rm, Rf x Am). Past studies have revealed significant 

differences in life history tactic expression based on breeding cross and sex of progeny. 

Estimated proportions of anadromous and resident offspring relied on data from breeding studies 

in the Grande Ronde River basin, Oregon (R. Carmichael, pers. comm.), and Sashin Creek, 

Alaska (Thrower et al. 2004, Thrower and Joyce 2004). The production of anadromous and 

resident fish in the model was, therefore, related to the frequency of each spawner-cross type and 

the rates of anadromous and resident fish produced by each spawner-cross type. 

Data collected on juvenile O. mykiss abundance in freshwater revealed strong density-

dependent effects. Beverton-Holt stock-recruitment curves were fit to the abundance data and 

provided a means for estimating survival between juvenile age classes and resident adult 

production. Specifically, recruitment and survival between ages 0 and 1, 1 and 2, 2 and 3, and 3 

and 4 were estimated. The juvenile sampling data used in these estimations were assumed to 

represent the abundance of both juvenile steelhead and resident rainbow trout. Thus, density-

dependent effects were also affected by emigration and maturation. Both anadromous and 

resident juveniles of a similar age are likely to compete for similar habitat and the locations 

sampled were within known distributions occupied by fish displaying both life history tactics. 

Therefore, age class-specific carrying capacity estimates derived from Beverton-Holt recruitment 

functions were assumed to represent aggregated estimates for combined steelhead and rainbow 

trout.  

Yakima River steelhead emigration, smolt migration survival, and smolt-to-adult return 

(SAR) rates were estimated based on smolt and adult counts enumerated at Prosser and Roza 

dams, respectively; these survival rates were assumed to be density independent. Little 

information was available on juvenile steelhead survival within the basin so emigration survival 

from Roza to Prosser Dam was estimated based on extrapolation (Williams et al. 2005) of an 11-

year time series of spring Chinook salmon survival (C. Frederiksen, unpublished data). Steelhead 

and spring Chinook salmon emigration survival were positively correlated (r
2
= 0.98) during 

common years. The geometric mean of emigrating steelhead survival from Roza to Prosser Dam 

was 57% (SD ±18.7%). Steelhead SAR rates averaged 2.9% for the period of record available at 

the time of model development. Steelhead counts and age at maturation (the number of years 
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spent in the marine environment) varied by freshwater age at smolting and sex. Age structure 

was informed by scale samples collected from returning adults at Roza Dam.  

Past telemetry studies (Hockersmith et al. 1995) showed that older and larger rainbow 

trout prefer rearing and spawning habitat types in the Yakima River mainstem over those in 

higher-elevation tributaries. In addition, juvenile age structures and size at age, along with adult 

steelhead age at maturation, differed between the majority of tributary and mainstem rearing 

locations. Thus, demographic differences between tributary and mainstem reaches required 

partitioning mainstem and tributary spawning and recruitment dynamics in the model.  

The model operates on an annual time step with certain parameters varying stochastically 

to account for observed temporal variability, including production rate of progeny with different 

life history tactics, freshwater recruitment parameters (i.e., environmental variability affecting 

habitat productivity), smolt survival rates, and SAR rates.  

 

Life cycle simulation model of temperature and flow on relative abundance of O. mykiss 
The second model is a deterministic life-cycle simulation model (Courter et al. 2009), 

which is depicted in Figure 2.7.2. It examines the influence of temperature and flow on growth 

and survival, and ultimately reproductive success and relative abundance, of steelhead and 

rainbow trout in the Yakima River basin. Specifically, this model examines how freshwater 

rearing capacity in multiple reaches, combined with growth, survival, and breeding interactions 

between anadromous and resident O. mykiss, influence the relative reproductive success and thus 

proportion of resident vs. anadromous spawners. Further details and additional figures can be 

found in Courter et al. (2009).  
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Figure 2.7.2. Flow chart showing key inputs and relationships within the Yakima basin O. mykiss 

life-cycle simulation model (Courter et al. 2009).  

 

 
 

 

One important driver of population abundance trends and life history tactic expression is 

freshwater environmental conditions such as flow (e.g., Mills et al. 2012). Because the Yakima 

River is flow-regulated by upstream storage reservoirs, understanding how flow management 

affects the production of anadromous and resident O. mykiss is a priority. In particular, 

researchers and managers are interested in whether and how flow affects the production of 

steelhead (rainbow trout [resident O. mykiss] are not listed under the Endangered Species Act).  

Courter et al. (2009) hypothesized that environmental conditions influence survival 

tradeoff between freshwater residency and anadromy. Specifically, they predicted that flow 

regimes providing cool water temperatures and maintaining water depth and velocities necessary 
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to provide ideal adult rainbow trout habitat throughout the summer and fall results in higher 

residency rates and fewer steelhead trout. Furthermore, tributary and Columbia River mainstem 

migration mortality, poor ocean survival, and fisheries will contribute to further reductions in the 

number of steelhead. The model predicted that steelhead would be more prevalent in tributary 

habitats and resident rainbow trout would be more common in the mainstem Yakima River, 

principally because tributary habitats tend to provide poor growing conditions (low summer 

flows and high stream temperatures) for resident trout relative to mainstem habitats.  

Nine spatial units, or reaches, in the Yakima River basin were incorporated in this 

modeling process: four tributary reaches, including Satus, Toppenish mid, Toppenish upper, 

Taneum, and five mainstem reaches including Easton, Kittitas, Union Gap, Wapato, and Naches 

(Figure 2.7.6). These represented reaches within each of the four Yakima basin independent 

steelhead populations where sufficient data were available to parameterize the model. Fish 

habitat estimates from habitat-hydrological models, including Physical Habitat Simulation 

(PHABSIM) or two-dimensional models (2D), had been created previously for each spatial reach 

(Frederiksen pers. comm.; Pacheco pers. comm.; Bovee et al. 1998), which provided information 

necessary to quantify the effects of flow on freshwater habitat area for juvenile and adult life-

stages. Daily temperature and flow data were also available from the PHABSIM and 2D models 

for each reach. Flow and temperature conditions differed dramatically among reaches, especially 

between mainstem and tributary sites.  

This model operates on a daily time step. In each step, flow and temperature are specified 

for each stream reach, which influences growth, survival, and available habitat area for fry (age 

0), juveniles (age 1), and resident adults (ages 2-5). The predicted habitat areas were adjusted 

based on a temperature suitability index (Sullivan et al. 2000) to account for negative effects of 

high temperatures on rearing capacity. Based on predicted fish length and age, the required 

territory size per fish was estimated (Grant and Kramer 1990). Each reach’s carrying capacity for 

fry, juveniles, and resident adults was estimated by dividing habitat area by fish territory size. 

Because many factors influencing habitat area and carrying capacity were not included, this 

modeling approach produced relative indices of carrying capacity among reaches rather than 

absolute measures.  

A generalized bioenergetics growth model (based on Thorpe et al. 1998, Mangel and 

Satterthwaite 2008) was used to estimate the influence of environmental conditions on O. mykiss 

freshwater growth. Growth was a function of modeled food availability and stream temperature 

(and is also density dependent). The growth model was calibrated to data separately for 

mainstem and tributary habitats and applied to the five model reaches. Growth predictions fit 

length-at-age data well, explaining ~76% of variation in individual fish length in mainstem sites.  

Freshwater survival during winter was assumed to be density independent and size 

dependent (Smith and Griffith 1994, Quinn and Peterson 1996, Ebersole et al. 2006), and thus 

was modeled as a size-dependent logistic function. An additional 30% mortality due to predation 

and other factors was added to account for observed survival rates of O. mykiss in the upper 

Yakima River. March-October freshwater survival was calculated on a daily basis, based on fish 

age, as a function of carrying capacity and fish abundance.  

Fall juvenile dispersal from tributary to mainstem habitats was incorporated into the 

model. Observations suggest that a portion of age-1 and age-2 juvenile fish leave tributary 

habitats, prior to smolt transformation, and continue rearing in mainstem habitats. Although 

downstream parr migrants are commonly observed in O. mykiss populations, the proportion of 

juveniles adopting this strategy is thought to be controlled by a complex set of environmental 



2.7. Yakima River O. mykiss populations 

 

9 

and genetic mechanisms, and data describing fall juvenile dispersal behavior in the Yakima 

Basin are limited (Conley et al. 2008). Fixed proportions of fall migrants were approximated 

using data from the Grande Ronde River basin (R. Carmichael, ODFW, pers. comm.). Fall parr 

(migrants) and resident mainstem parr were tracked separately within ‘holding reaches.’ Flow 

and temperature in these holding reaches were assumed to be the same as conditions in the 

nearest mainstem reach. Survival was modeled as density independent and a function of stream 

temperature.  

In this model, a fish’s decision to mature in freshwater or initiate smolt transformation 

was determined by parental life history tactic and breeding crosses; it was not environmentally 

influenced. Thus, this is an area of the model that can expand in future versions. Smolt age, when 

juvenile steelhead trout leave freshwater for their migration to the ocean, was estimated as a 

function of fish size on May 1 of a given year. Fish that reached a threshold size (150 mm; D. 

Lind, pers. comm.) by that date migrated; otherwise they continued rearing until the next spring 

when size was reassessed.  

Smolt-to-adult survival for anadromous individuals was dependent on smolt size at 

emigration and migration distance. Outmigrating smolt survival was based on SAR data 

estimated at Prosser and Roza dams and an assumed relationship between smolt size at 

emigration and marine survival using a logistic function. A function developed for coastal 

Vancouver Island, BC, Canada (Ward et al. 1989) was modified to account for increased 

migration mortality for Yakima River steelhead. Different relationships were developed for the 

lower and upper Yakima basin reaches because of increased migration mortality (43.3% from the 

upper Yakima River to Roza Dam) for fish in the upper basin. Upper and lower Yakima Basin 

reaches’ functions were calibrated so that the SAR for an average-sized smolt (175 mm) was 

equal to the geometric mean of the estimated SAR for steelhead smolts outmigrating between 

1985 and 2002.  

Age-at-maturation and sex ratios of anadromous fish were also based on empirical data, 

collected at Prosser Dam (for lower basin reaches) and Roza Dam (for upper basin reaches) 

between 2002 and 2005 (Conley et al. 2008). Age-at-maturation for resident females was 

estimated based on data collected in the upper Yakima River mainstem (above Roza Dam) 

between 1990 and 1993 (G. Temple, WDFW, pers. comm.).  

On the spawning grounds, mate selection (of anadromous vs. resident individuals based 

on a fish’s life history tactic) was modeled using an asymptotic function to be influenced by fish 

size and abundance and based on observational studies on the Olympic Peninsula of Washington 

state (McMillan et al. 2007). When the ratio of steelhead to rainbow trout males was 1:1, 

anadromous females were estimated to spawn with an anadromous male 76% of the time 

(fidelity rate). This fidelity rate was scaled proportionally to the observed ratio of steelhead to 

rainbow trout male spawners. More information and figures are available in Courter et al. (2009).  

Fecundity of both resident and anadromous females (number of eggs) is size-dependent. 

The relationship differs between resident and anadromous fish with steelhead producing more 

eggs than resident trout. Female fecundity was modeled as a function of length from steelheads 

captured at Prosser Dam (Conley et al. 2008) and residents sampled in tributary and mainstem 

habitats of the upper Yakima River basin (Pearsons et al. 1993). Again, more information and 

figures are available in Courter et al. (2009).  

The production of anadromous offspring by resident spawners and vice-versa was 

modeled as a fixed proportion based on observed data from the Grande Ronde River basin (R. 

Carmichael, ODFW, pers. comm.). Egg-to-fry survival was assumed to be 20% for all O. mykiss 
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(anadromous and resident) based on data from the Olympic Peninsula of Washington state (Bley 

and Moring 1988). The assumption that offspring production rates by life history tactic from 

Grande Ronde River O. mykiss can be applied to different populations should be evaluated. 

Alternative data or assumptions may be needed to reflect the different environmental conditions 

of the Yakima River basin compared to the Grande Ronde River basin.  

For rainbow trout, post-spawning survival rate of 55% was estimated based on data from 

a Yakima River tributary (Wydoski and Whitney 2003). A repeat spawning rate of 50% was 

estimated based on observations in the Deschutes River of Oregon (Schroeder and Smith 1989), 

whereas the anadromous fish repeating spawning rate was 5.4% based on Yakima River-specific 

observations (Conley et al. 2008).  

The model predicts ‘relative reproductive success’ values as the ratio of total anadromous 

egg production to total resident egg production. For a given scenario (specified set of flow and 

temperature conditions), the model is run for ten or more brood years to allow spawner 

abundance to reach equilibrium. Relative reproductive success in the tenth year was evaluated 

and compared among reaches. The model’s sensitivity analysis involved varying a range of key 

parameters, including smolt-to-adult survival rates, fall-winter dispersal rates, anadromous 

spawner fidelity, production of progeny displaying alternative life history tactics, growth (i.e., 

food availability), age at maturation, length threshold for smolt transformation, and maximum 

freshwater survival in March-October, and evaluating changes in this relative reproductive 

success. Scenarios tested included variation in flow and temperature such as incremental changes 

in flow (±6 cfs from observed) and temperature (-2 to +4 °C from observed) during the summer-

fall period (June-October) in only three of the nine reaches of the Yakima River basin (Kittitas, 

Taneum, and Toppenish mid).  

 

Results and discussion 

These models (Courter et al. 2009, Courter et al. 2010) demonstrated that in principle, O. 

mykiss population dynamics can be more accurately predicted when both resident and 

anadromous components are included and that freshwater conditions can affect such dynamics. 

Gaps yet to be dealt with in these models include that changes in migration and ocean survival, 

harvest, and adult overwintering survival in freshwater are not considered and that environmental 

factors do not influence the rates of expression of anadromy and residency. These models can be 

used to inform and guide future life-cycle modeling efforts and can be expanded to more 

accurately predict O. mykiss population abundances and life history strategies.  

Stochastic population dynamics life-cycle model to estimate O. mykiss abundance trends 

This life-cycle model successfully produced estimates population abundance trends of 

resident and anadromous O. mykiss in the upper Yakima River basin. Hindcast simulations using 

default parameterization (cross production between resident and anadromous individuals) 

predicted rainbow and steelhead trout abundance estimates that mirrored observed abundances 

(r
2
 = 0.79) between 1992 and 2006 (Figure 2.7.3). When the model was changed so that no 

resident females produced anadromous offspring (no cross production), prediction abundance 

values were lower than observed values and did not track SAR changes during the time period (r
2
 

= 0.66).  

Thus, modeled abundance values of adult steelhead were sensitive to the numbers of 

anadromous offspring derived from resident spawners and resident rainbow trout may play a 

significant role in upper Yakima River basin steelhead population dynamics. These results 

suggest that the resident contribution to anadromy is very important to the viability of the 
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anadromous life history tactic. This study concludes that population viability analyses that do not 

sufficiently account for interactions between anadromous and resident O. mykiss may 

overestimate the risk of anadromous population extinction.  

 

 
Figure 2.7.3. Counts of observed adult steelhead counts at Roza Dam from 1992-2006 and 

model-predicted counts with default parameterization assuming resident females (Rf) produce 

anadromous offspring at levels observed in breeding studies and with parameterization assuming 

no anadromous fish production from Rf.  

 

Additionally, this study found that changes in SAR values also strongly influenced 

abundance values as they influenced the number of anadromous spawners. At low SAR rates, the 

proportion of steelhead produced by resident male and resident female crosses was high, whereas 

when SAR rates increased, the proportion of adult steelhead derived from these crosses declined 

with the increasing abundance of anadromous spawners (Figure 2.7.4). Thus, the proportion of 

returning steelhead adults derived from resident parents is highest during years of low marine 

survival. Additionally, the upper Yakima River basin steelhead population has been shown to be 

capable of responding quickly to improved ocean survival conditions.  
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Figure 2.7.4. Changes in the predicted proportion of steelhead trout produced from resident 

female (Rf) x resident male (Rm) spawner crosses in response to changes values in smolt-to-

adult return rates (SAR).  

 

Adult steelhead abundance varied when the modeled proportion of steelhead (offspring 

that smolted) produced by resident male and resident female varied (between 0 and 30% as 

parameterized; Figure 2.7.5). Higher proportions of steelhead offspring produced resulted in less 

variability (lower coefficient of variation) in mean steelhead abundance values.  

 

 
Figure 2.7.5. Average 100-year geometric mean of adult steelhead trout predicted abundance and 

coefficient of variation of adult steelhead abundance related to changes in the proportion of 

resident female (Rf) x resident male (Rm) spawners’ offspring smolting.  

 

The modeled found that smolt production was most sensitive to SAR rates followed by 

the proportion of steelhead smolting at age 2 years and the proportion of resident female and 

resident male female offspring that smolted (became steelhead trout). Smolt production was 

limited by freshwater carrying capacity when steelhead production rates increased. Adult 

steelhead trout abundance was also best predicted by SAR rates and the proportion of steelhead 

smolting at age 2 years but instead of the proportion of resident female and resident male female 

offspring that smolted, it was the proportion of female offspring from anadromous female and 

resident male parents that smolted.  

 

Life cycle simulation model of temperature and flow on relative abundance of O. mykiss 
The model suggests that the spatial distribution of anadromous and resident O. mykiss is 

in large part determined by environmental conditions such as temperature and flow. Steelhead 

trout were dominant in tributary sites with lower summer base flows and higher water stream 

temperatures (because they could leave during these periods rather than face higher mortality 

rates incurred by these conditions). In contrast, residents were predominant in the upper Yakima 

River basin and in other mainstem reaches where stream channels maintained higher summer 

flows and cooler temperatures. Life history tactics were influenced in large part by rearing 

capacity (especially for adult-sized resident fish; moderated by flow, temperature, and channel 
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type), smolt-to-adult survival (influence by migration mortality), and freshwater growth 

conditions.  

The authors also concluded that their analyses suggest that because environmental 

conditions such as temperature and flow affected the ratios of life history tactics found there, 

alterations to river discharge regimes due to irrigation and hydropower projects affecting flow 

and temperature conditions throughout the summer and fall would influence these ratios. 

Specifically, such altered stream and river habitats would be more suitable for a resident O. 

mykiss life history tactic than an anadromous one.  

After ten years of model simulation using average (baseline) flow and temperature 

conditions, total egg production of anadromous and resident O. mykiss was predicted for each of 

the nine reaches in the Yakima River basin (Figure 2.7.6). An anadromous life history tactic was 

predicted to be favored in lower-basin tributary reaches (e.g., Satus and Toppenish creeks) 

whereas a resident strategy was predicted in other reaches. In the three lower tributary sites, 

anadromous egg production exceeded resident egg procution by 2-5 times (Figure 2.7.7). 

However, more resident spawners than anadromous spawners were predicted in all reaches 

(though this was balanced by the unequal egg production between anadromous and resident 

females). Sex ratios also were predicted to vary among sites, with females comprising 75% of 

anadromous spawners but only 40% of resident spawners.  

 

  



2.7. Yakima River O. mykiss populations 

 

14 

 
Figure 2.7.6. Map of the Yakima Basin showing the four steelhead populations and the modeled 

reaches (highlighted in pink). Pie charts show the predicted proportion of total egg production of 

anadromous and resident spawners at equilibrium for each reach.  
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Figure 2.7.7. Relative reproductive success in simulation year 10 of O. mykiss in each modeled 

reach using baseline environmental conditions and default model parameters. The dashed line 

indicates equal resident and anadromous fish reproductive success. 

 

As described in more detail in Courter et al. (2009), the alternative scenarios tests 

revealed that reduced summer-fall flow (up to 6 cfs) in the Taneum and Toppenish mid reaches 

shifted the egg production ratio towards anadromy but did not change relative reproductive 

success of anadromous and resident individuals in the Kittitas reach (Figure 2.7.8). Increases in 

summer base flow increased the reproductive success of resident fish in the Taneum and 

Toppenish mid reaches but not in the Kittitas reach.  

These results suggest that higher summer base flow levels generally favor resident 

individuals. On the other hand, when flows decrease, anadromous individuals have higher 

fitness, likely because of increased mortality for resident fish remaining in freshwater throughout 

the summer. As shown by Courter et al. (2010), resident O. mykiss influence the number of 

anadromous individuals, and thus higher summer base flows are likely to results in overall 

increases of O. mykiss population numbers in general.  

Increased temperature in the Taneum reach, to a point, reduced resident abundance and 

increased anadromous reproductive success (Figure 2.7.9). In the Toppenish mid reach, however, 

increased temperature decreased anadromous reproductive success, perhaps because baseline 

temperatures in this reach are warmer and so the temperature increases more quickly exceeded 

the optimum for fish growth. Such growth reductions increased the smolt age and reduced the 

smolt-to-adult survival. Again, no changes were observed in the Kittitas reach over the range of 

temperature variation.  
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On the other hand, temperature effects depend on the baseline temperature observed in 

different stream reaches. In cooler reaches, increased temperatures favor anadromous individuals 

whereas in warmer reaches the increases result in decreased anadromous abundance through 

decreased growth and thus lower smolt survival.  

 

 
Figure 2.7.8. Changes in relative reproductive success in year 10 of O. mykiss in three different 

sites (Kittitas, Taneum, and Toppenish Mid) in response to simulated changes in flow (cfs) 

during summer and fall. 

 

 
Figure 2.7.9. Changes in relative reproductive success in year 10 of O. mykiss in three different 

sites (Kittitas, Taneum, and Toppenish Mid) in response to simulated changes in stream 

temperature (°C) during summer and fall. 
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The model results were very sensitive to changes in smolt-to-adult survival, moderately 

sensitive to changes in the production of anadromous offspring by resident spawners and vice-

versa, spawner fidelity to fish of the same life history tactic, and growth rate (associated with 

food availability), and minimally sensitive to changes in winter dispersal rates, smolt size 

threshold, age at maturation, and maximum spring-fall freshwater survival. These findings varied 

by channel type of a given reach, with changes in the relative reproductive success of 

anadromous vs. resident individuals being greater in tributary reaches than in mainstem reaches. 

More details on the sensitivity analysis are given in Courter et al. (2010). Details on data gaps 

and model limitations are also provided there.  

 

Future modeling directions 
As noted above, there are several limitations in these model, including that environmental 

factors do not influence the rates of expression of anadromy and residency, which is known to be 

the case (Thorpe et al. 1998, Hendry et al. 2004). Changes in freshwater habitat conditions not 

only have the potential to affect population abundance trends; for partially migratory fishes such 

as O. mykiss these changes can also impact the proportion of O. mykiss in a given population 

exhibiting anadromy vs. residency (Gross 1987, Jonsson and Jonsson 1993, Thorpe et al. 1998, 

Satterthwaite et al. 2009, 2010). However, in the models of Courter et al. (2009, 2010) a fish’s 

life history strategy is based only on those of its parents.  

Thus, future work can expand these models to consider how environmental conditions 

affect life history tactic. One existing application, that can serve as a guide in this future work, is 

a state-dependent model developed by Satterthwaite et al. (2009, 2010) to understand how 

proximate (physiological) and ultimate (reproductive success) considerations predict life history 

strategies of individual female O. mykiss in coastal and central California streams. In particular, 

the model sought to predict whether a fish would remain in freshwater as a resident or undergo 

the smolt transformation and migrate to the ocean as an anadromous individual and at what age 

the smolt transformation would occur. This model demonstrated how the decision of an 

individual O. mykiss to exhibit a resident or anadromous life history tactic could be influenced by 

environmental conditions.  

In this model, annual freshwater survival was estimated to be constant for age 1+ fish 

(Bley and Moring 1988). Freshwater growth rates were based on emergence date, season, and 

fish age (Hayes et al. 2008). Fecundity of adult resident fish (Shapovalov and Taft 1954) and 

marine survival of outmigrating smolts (Shapovalov and Taft 1954, Shapovalov 1967, Bond et 

al. 2008) were modeled based on a fish’s body length. Returning anadromous fish were assigned 

a constant “lifetime fecundity value” (to account for the fact that most anadromous fish spawned 

once while a few were iteroparous). Several parameters were used to describe a fish’s condition 

and model its fitness, including emergence timing, survival, length at age, and growth rates, 

during an annual maturation decision window in April and a smolting decision window from 

November-December. Based on this state-dependent fitness estimation, a fish was predicted to 

mature or not in the spring and then undergo smolt transformation or not in the fall.  

Congruence between these and related model predictions (Satterthwaite et al. 2009, 2010, 

Satterthwaite et al. 2012, Sogard et al. 2012) and observed life history strategies (smolting, 

maturing in freshwater, and delayed adoption of a life history) in the California streams 

emphasize the notion that body length and growth early in life, which is influenced by both 

genetic and enviornmental factors, have proximate and ultimate consequences for life history 

expression in female O. mykiss.  
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Another longer-term objective in the goal of creating more accurate O. mykiss life-cycle 

models for the interior Columbia River basin includes adapting the model of Courter et al. (2009, 

2010) to the specific habitat and migratory passage conditions for a representative range of 

interior Columbia River basin populations. For example, more accurate characterizations of 

smolt and adult migration survival, adult ocean survival, harvest, and adult overwintering 

survival would improve these models, which can be done by incorporating components of the 

ICTRT life-cycle matrix model (ICTRT and Zabel 2007).  

Overall, a more complete life-cycle model for interior Columbia River O. mykiss 

populations would use functional relationships like those developed by Courter et al. (2009) 

between freshwater environmental conditions and carrying capacity and between environmental 

conditons and fish survival and growth. It is important to examine how both capacity and 

productivity are affected by freshwater habitat changes. In addition, it is important to consider 

the basic environmental setting of the various interior Columbia River basin streams and rivers 

where O. mykiss populations reside. Few of these settings are similar to the upper Yakima River 

basin, which encompasses major tributaries and mainstem reaches representing a range of 

environmental settings. Freshwater habitats for most other interior Columbia River basin O. 

mykiss populations do not have the extensive mainstem habitats with relatively long annual 

periods of temperature conditions supportive of juvenile O. mykiss growth. Instead, most of these 

populations are more like the Naches River or Toppenish Creek in the Yakima River basin. 

Given the functional relationships between habitat conditions and O. mykiss capacities and stage 

transitions, the potential for relatively strong resident populations may be substantially less in 

other poopulations than what is represented herein for in the upper Yakima River population. In 

addition, interior Columbia River basin steelhead populations occur across a wide range of 

elevations. Higher-elevation populations in the Snake River ESU, for example, are likely subject 

to substantially shorter growing seasons and more severe overwintering conditions. Thus, they 

are also less likely to have strong a strong resident trout component.  

In additional, based on freshwater growth and survival along with parental tactic (to 

incorporate heritability), it would model the life history tactic predicted to maximize a fish’s 

fitness (Satterthwaite et al. 2009, 2010). Growth would be modeled as a change in body length, 

weight, and lipid content so as to more accurately predict life history tactic expression 

(McMillan et al. 2012). Then, the model would account for how changes in freshwater 

conditions would affect the proportion of resident and anadromous fish in addition to total 

juvenile abundance. Males and females would be modeled separately because of their differential 

expression of anadromy (Jonsson and Jonsson 1993, Hendry et al. 2004). These are all active 

areas of model development.  

With such a model, we would be able to consider both genetic and environmental 

controls on the rates of residency and anadromy. With this information we can more fully 

evaluate the effects of juvenile and adult densities, migration distance and mortality, food 

availability, water temperature, short- and long-term growth rates, freshwater and marine 

survival, and the costs of maturing on O. mykiss life history and thus anadromous fish abundance 

and viability for interior Columbia River populations.  
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3.2.1: Snake River basin fall Chinook salmon run reconstruction as a basis for 
multistage stock-recruitment modeling with covariates 
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Abstract 
Multistage stock-recruitment modeling is a useful tool for analyzing population growth 

because it allows for partitioning effects of environment and density dependence among life 
stages.  Presently, there is some evidence for density dependent population growth, but the data 
that provide this evidence are only indices of adult and juvenile abundance.  Ideally, input to 
multistage stock-recruitment models would include measures of annual adult abundance, annual 
juvenile abundance, and covariates that influence population growth.  In this chapter, we briefly 
describe methods in late stages of development for estimating passage abundance of natural 
Snake River basin fall Chinook adults and juveniles at Lower Granite Dam (a.k.a., run 
reconstruction).  We refer to a fish as being of natural origin if it was produced by spawning in 
the wild.  The adult run and juvenile run reconstruction teams include biologists and 
biometricians from the Idaho Power Company, Nez Perce Tribe Department of Fisheries 
Resources Management, NOAA Fisheries, U.S. Fish and Wildlife Service, U.S. Geological 
Survey, and the Washington Department of Fish and Wildlife.  This chapter describes adult and 
juvenile run reconstruction together for the first time.  Future coordination between teams will 
standardize terminology and methods.  The efforts of these teams will hopefully provide annual 
abundance data for input to two-stage stock-recruitment models in the near future.  The present 
years of interest are 1990!2012 and 1991!2013 for adults and juveniles, respectively.  
Additional out years of data will be added pending data and funding availability. 
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Introduction 
Multistage life cycle models provide a powerful framework for understating how each life 

stage of a population contributes to population growth rate (Moussalli and Hilborn 1986; Brooks 
and Powers 2007).  When used for simulation, multistage models allow the relative effects of 
density dependence at different life stages to be explored in the context of management actions.  
For example, by using a multistage model, Greene and Beechie (2004) found that the importance 
of habitat restoration to population recovery of Chinook salmon depended on the mechanisms of 
density dependence affecting particular life stages. 

Multistage models may also be used as an analytical framework to explicitly estimate 
demographic parameters of a population model.  This approach has an advantage over single-
stage stock-recruitment models by allowing population growth rates to be partitioned among life 
stages rather than aggregated over an entire life cycle.  Such partitioning allows for estimating 1) 
stage-specific estimates of density dependence, and 2) stage-specific effects of environmental 
factors or management actions.  Zabel et al. (2005) estimated parameters of a multistage model 
used in the context of a population viability analysis spring/summer Chinook salmon in the 
Snake River, but such an approach has yet to be applied to fall Chinook salmon in the Snake 
River basin. 

Typically, data informing estimates of abundance at particular “check points” in the life 
cycle dictates the complexity of multistage models that can be fit to data.  For fall Chinook 
salmon, we will use a two-stage model that encompasses: 1) upstream passage of spawners at 
Lower Granite Dam to the subsequent the downstream passage of their progeny at the Dam, and 
2) downstream passage of juveniles at Lower Granite Dam to their subsequent return from the 
ocean and passage at the Dam 3!5 years later.  This approach partitions the life cycle of Fall 
Chinook both spatially and temporally, which will allow us to fit and compare alternative models 
with covariates specific to each stage.  The intent of this report is to describe the methods used to 
develop the abundance estimates that we will use in the two-stage model. 

The historical population of Snake River basin fall Chinook salmon was abundant, diverse, 
productive, and spatially distributed.  After a nearly 100-year period of habitat loss, over harvest, 
and climatic variation that began in the late 19th century, these measures of status declined until 
the population was listed for protection under the U.S. Endangered Species Act (NMFS 1992).  
The contemporary population of the Snake River basin spawns primarily in the Snake River from 
Hells Canyon Dam to the upper end of Lower Granite Reservoir, the lower 60-km stretch of the 
Clearwater River that also extends downstream to the upper end of Lower Granite Reservoir, and 
the lower 70 kms of the Grande Ronde River (Figure 1).  Since listing, much management effort 
has been expended to increase the number and survival of the adults that spawn in the wild and 
their natural offspring (e.g., reduced harvest, Peters et al. 2001; stable minimum spawning flows, 
Groves and Chandler 1999; summer flow augmentation, Connor et al. 2003a; predator control, 
Beamesderfer et al. 1996; increased hatchery production and supplementation; improved dam 
passage structures, Puls et al. 2008; summer spill operations, DART 2012).  Two-stage stock-
recruitment modeling with covariates would be useful for evaluating the efficacy of these 
management actions as well as other sources of natural (e.g., climate change) and anthropogenic 
change (e.g., changes in hatchery release strategies) provided that data are available on adult and 
juvenile abundance. 
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FIGURE 1.  The riverine portions of the Snake, Clearwater, and Grande Ronde rivers where fall 
Chinook salmon adults spawn and produce natural offspring, hatcheries (black circles), 
acclimation facilities (open circles), and direct release points (black polygons) used in the 
basin-wide hatchery program, and Lower Granite Dam that must be passed by all adults 
returning to spawn upstream of Lower Granite Reservoir, and by all juveniles produced 
upstream of the reservoir during seaward migration.  
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%
Lower Granite Dam is used as a check point for monitoring adult return and juvenile 

emigration of Snake River basin fall Chinook salmon as it is the last dam passed prior to fish 
reaching the spawning grounds and the first dam smolts pass en route to the sea (Figure 1).  A 
complete two-stage data set is available for adults and juveniles for the years 1990!2010 (DART 
2012) and 1991!2011 (FPC 2012).  Annual trends in adult counts and juvenile passage indices at 
the dam suggest the population has transitioned from a period of relatively low to relatively high 
levels of abundance (Figure 2).   Though these data sets can support investigating density 
dependent population growth (e.g., Figure 3), their use in stock-recruitment modeling comes 
with several caveats because for a variety of reasons neither data set provides estimates of 
absolute abundance of natural fish.  We define natural fish as returning adults or out-migrating 
juveniles produced by spawning in the wild. 
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FIGURE 2.   The number of adults (i.e., jacks omitted) counted ascending the adult fish ladder at 

Lower Granite Dam during 1990!2010 (top panel; DART 2012), and the corresponding 
subyearling Chinook salmon passage indices at the dam during 1991!2011 (bottom panel, 
FPC 2012). 
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FIGURE 3.  Ricker stock-recruitment curves fitted to the juvenile passage indices in year t and 
the number of returning adults in year t + 3 (i.e., age-4). 
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One important reason that the adult and juvenile count data collected at Lower Granite 

Dam do not provide estimates of natural fish abundance in their present states relates to changes 
in the hatchery program and its efficacy over time.  In 1984, Lyons Ferry Hatchery, located 
downstream of Little Goose Dam (Figure 1), was completed and derived its first brood stock 
from an egg bank program started in 1976 to conserve the Snake River stock of fall Chinook 
salmon (Bugert et al. 1995).  Some of the returning adults from Lyons Ferry Hatchery; and other 
Columbia River basin hatcheries strayed from natal hatcheries and passed upstream of Lower 
Granite Dam to spawn.  For example, the percentage of hatchery adults in the total annual adult 
counts at Lower Granite Dam during 1990!1995 ranged from 17.1 to 76.8% (LaVoy and Mendel 
1996).  The hatchery program began to expand in the mid-1990s and eventually included the Nez 
Perce Tribal Hatchery along the Clearwater River, use of Dworshak Hatchery located upstream 
of Nez Perce Tribal Hatchery to rear fish for research, rejuvenation of Oxbow Hatchery at 
Oxbow Dam, use of Umatilla and Irrigon hatcheries in Oregon to rear excess eggs from Lyons 
Ferry Hatchery, and the establishment of several acclimation facilities and direct release points 
upstream of Lower Granite Reservoir (Figure 1).  The number of hatchery juveniles released 
upstream of the reservoir generally increased over time noting that large numbers of unmarked 
(no external marks or tags) subyearlings were released almost every year (Figure 4).  Thus, the 
existing adult and juvenile count data include not only natural fish, but first generation hatchery 
fish many of which were unmarked.  

%
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FIGURE 4. The number of hatchery fall Chinook salmon subyearlings and yearlings released 

upstream of Lower Granite Dam including the number that were released without a mark 
or tag, 1995!2011. 
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We plan to conduct stock-recruitment analyses on the existing adult and juvenile count 

data by using annual hatchery release numbers and stray rates as two of several covariates 
acknowledging that the annual counts are only indices of actual abundance (see full proposal for 
project 199102900; http://www.cbfish.org/Proposal.mvc/Summary/11).  We also plan to conduct 
additional analyses on estimates of the annual number of returning natural adults that pass Lower 
Granite Dam to spawn, and the annual number of natural juveniles that pass the dam during early 
seaward migration.  These estimates of natural adult and juvenile passage abundance will be 
made using mark-recapture and mark-expansion methods that are under development.  The 
process of applying the methods is referred to as “run reconstruction.” In the remainder of this 
chapter, we briefly describe status of efforts to reconstruct the runs of natural adult and juvenile 
fall Chinook salmon at Lower Granite Dam.  

 

Reconstructing the Adult Run 

Background 

The period of adult fall Chinook salmon passage at Lower Granite Dam is somewhat 
arbitrarily defined as 08/18!12/15.  Thus, some fall Chinook salmon adults actually pass the dam 
earlier than 08/18 and some summer Chinook salmon pass the dam during the fall Chinook 
salmon passage period.  Returning fish can range in age (return year minus brood year) from 2 to 
6 years of age, and age at return can vary by gender with males having a younger age distribution 
due to the return of I-salts or jacks, as well as mini-jacks (Connor et al. 2005).  Adults (greater 
than 52 cm fork length) and jacks and mini-jacks (52 cm long and shorter) are distinguished at 
the dam based on length.   

The population composition of returning fall Chinook salmon at Lower Granite Dam has 
been studied since 1983.  Run reconstruction methods have varied over the years, but it is well 
known that the population includes Snake River basin natural fish returning to their natal 
spawning reaches (e.g., Connor et al. 2006), Snake River basin hatchery fish returning to their 
point of release upstream of Lower Granite Reservoir (e.g., Garcia et al. 2004), and out of basin 
hatchery strays (e.g., LaVoy and Mendel 1996).   As the hatchery program expanded and the 
number release points upstream of the reservoir increased, adult run reconstruction became 
increasingly more challenging.  The adult run reconstruction team has developed a method for 
application to return data collected from 2003 onward.  Here, we generally describe their method 
beginning with the adjustment of window counts made in the adult fish ladder at the dam.   

Annual Total Adjusted Window Count 

Daily sample count data are collected on adults visually through a viewing window in the 
adult ladder at Lower Granite Dam during 08/18!12/15.   A size scale mounted within the 
viewing area is used to distinguish between adults (greater than 52 cm fork length) and jacks (52 
cm long and shorter).  Obtaining the raw sample count data from the U.S. Army Corps of 
Engineers is the first step of adult run reconstruction (Figure 5).   Fish are counted for 50 out of 
60 minutes per hour.  The adult run reconstruction team adjusts each daily window count by first 
dividing by 50/60 or 0.833 (Figure 5). 



3.2.1. Snake River fall Chinook run reconstruction 

10 

 

Fish are only counted for 16 h/d during the early portion of the run, and the counting 
period is reduced to only 10 h/d during the latter portion of the run.  The adult run reconstruction 
team defines night passage as the period when fish were not counted.  To account for night 
passage, they download passive integrated transponder (PIT) tag detection data (Prentice et al. 
1990a, 1990b, PTAGIS 2012) collected 24 h/d on adults in the ladder and estimate the 
percentage of the total detections made during the hours when fish were counted.   Overall, data 
from 2009–2011 revealed that approximately 96.8% of the PIT-tagged fall Chinook salmon 
passed the ladder during the daytime when fish were counted.  Thus, each daily window count is 
further adjusted by dividing by 0.968 (Figure 5).  This provides a set of adjusted daily counts for 
a given year. 

Daily counts are sometimes only partially completed or missed due to technical or 
logistical problems.  Partial or missing daily counts are estimated as the average of adjusted daily 
counts made two days before and two days after the partial/missing counts.   
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FIGURE 5.   Estimating total abundance of adult and jack fall Chinook salmon at Lower Granite 

Dam by adjusting raw window counts for hourly sampling, night passage and partial and 
incomplete daily counts. 

 
These estimated counts are then added to the annual set of adjusted daily counts and the 

resulting count set is summed to calculate a total annual window count (Figure 5).  Fallback and 
re-ascension also affected the total window count.  These behaviors are addressed at the end of 
the next section of this chapter. 
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FIGURE 6. Steps for estimating the population composition of adult fall Chinook salmon 

returning to Lower Granite Dam.
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Annual Population Composition and Natural Adult Abundance 

The adult run reconstruction team estimates annual passage abundance of natural fall 
Chinook salmon by estimating the population composition with tag recovery data collected on a 
sample of adults captured at the adult fish trap at Lower Granite Dam, and then proportionately 
assigning the composition to the total annual adjusted window count (Figure 6).    Tags that are 
available to identify groups of hatchery fall Chinook salmon distinguished by release location 
include coded wire tags (CWT), PIT tags and visible implant elastomer (VIE) tags.  The adult 
run reconstruction team mainly relies on CWT’s to determine release year and location because 
nearly all hatchery releases in the Snake River basin have been represented by CWT’s.  There is 
one exception, PIT tags were used to identify hatchery surrogate subyearlings reared and 
released to mimic naturally-produced juveniles, which were nearly 100% PIT tagged (see section 
on juvenile run reconstruction for details).   

The adult trap is located about midway in the adult fish ladder.  Adults were trapped and 
diverted into holding tanks as they migrated up the adult ladder.  The trap consisted of an 
automatic gate system that was programmed to systematically open at predetermined intervals, 
providing a random sample of all fish passing the ladder (Harmon 2003).  The sampling rate was 
determined prior to 08/18 based on the predicted run size of both fall Chinook salmon and 
steelhead.  The sampling rate needed to be high enough to collect enough fall Chinook salmon 
hatchery brood stock to meet mitigation goals; sample fall Chinook for run reconstruction 
purposes; sample returning adult steelhead; and avoid overloading the trap and sampling crews.  
Trap operations were halted when water temperatures exceeded 20° C.  Trap rates typically 
ranged from 9% to 20% and were frequently reduced to trap fewer fish during the sampling 
period when returns were higher than predicted.      

Captured fish were anesthetized and visually examined for external fin clips/marks and 
tags, and scanned for CWT and PIT tags.  Fork lengths and genders were recorded.  Brood stock 
samples were placed in a tank until they were transported to Lyons Ferry Hatchery (LFH) or Nez 
Perce Tribal Hatchery (NPTH) for spawning; fish not retained for brood stock were released into 
the ladder to continue their migration upstream of the Lower Granite Dam (Figure 6).  Unique 
operculum punch marks were applied to fish from each of the three groups (i.e., released, LFH 
and NPTH).     

The master data file used to estimate the composition of fall Chinook salmon returning to 
LGR includes detailed data collected from three sources, brood stock trapped and transported to 
LFH and NPTH and fish trapped and released at LGR.  The CWTs are recovered from brood 
stock that are transported to the hatcheries and killed during spawning, but not from live fish 
released at the trap.  Scale samples are taken from all unmarked brood stock and a subset of 
unmarked released fish.  Scale analysis estimates European age (freshwater and ocean residency) 
and age at ocean entry (i.e., subyearling or yearling).  The adult run reconstruction team 
estimates do not rely on scales to determine origin (hatchery or natural) information because 
previous analyses revealed an unacceptably high rate of misclassification.  

The adult run reconstruction team accounts for sample rate changes by weighting the data 
from fish captured during the different rate sampling periods.  This was achieved by dividing the 
higher sample rate by the lower sample rate.  For example, if the trap sampling rate started at 
12%, but was lowered to 10%, fish trapped during the 12% sampling period were counted 1 time 
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in the data and fish in the 10% sampling period were counted 1.2 times (12/10 = 1.2).  This 
allows a single calculation for the run reconstruction as opposed to estimating population 
abundance and composition separately for fish sampled during each trapping period.  The adult 
run reconstruction team assumed a similar population composition returned throughout the entire 
return period. 

Records for fish trapped outside the systematic sample period and fish that were captured 
at the hatchery facilities and fish identified as summer Chinook salmon are removed from 
analysis (Figure 6).  The sort-by-code (SbyC) feature at the trap enables the capture of fish based 
on specific PIT-tag codes.  Because these fish were not randomly sampled from the population, 
records of fish possessing SbyC PIT tag codes that entered the trap outside the systematic 
sampling periods are excluded from the sample.  Records for adult Chinook salmon that 
ascended the hatchery ladders (i.e., volunteered to the hatchery facilities) are removed based on 
unique operculum punch patterns, and records for summer Chinook salmon are removed based 
on visual characteristics. 

Individual fish records are categorized into three unique groups: 1) No Mark (unmarked 
and untagged); 2) CWT (possessed a CWT); and 3) AD No Tag (untagged but adipose fin-clipped 
(AD)).  The No Mark group include natural-origin (NOR) and unmarked hatchery-origin (HOR) 
fish.  The CWT group consists of known HOR fish that possessed a CWT.  The AD No Tag 
group consisted of known HOR fish that did not possess a CWT.  Two additional sub-groups are 
specified based on the data:  a) Surrogate groups (nearly 100% PIT-tagged but otherwise 
unmarked) and b) Unassociated groups from releases of untagged hatchery fall Chinook salmon 
subyearlings above LGR.  These may have been unmarked, partially AD clipped or 100% AD 
clipped but were not tagged.    

When estimating the composition of each of the above groups, a portion of the fish 
categorized into the groups lack complete data records (missing age, length or tag code).  
Common data gaps included fish identified with a CWT that were released above LGR without 
recovering the CWT or unmarked fish not scale sampled or records having unreadable scales. 
Typically a majority of records have length data, so age/length or CWT code/length tables were 
used to proportion the fish missing data to a matrix of fish of known age or CWT code by length.  
The critical assumption is that the lengths of the known group were not different from that of the 
unknown group given a similar age or CWT code.  Fish lengths are condensed into 5 cm pools 
and known fish are grouped by European age or CWT code, then fish lacking ages were 
proportioned to ages based on pooled length.   

The No Mark group consists of NOR and unmarked/untagged HOR fish.  Following 
proportional assignment of unknown age fish using an age/length table constructed from the 
known-age unmarked/untagged fish as described above, fish are grouped by sex and European 
ages with all males less than 54 cm FL considered jacks.  The sample estimate of NOR fish is 
determined by subtracting the estimated sum of unmarked/untagged HOR fish by sex and 
European age.  Unmarked/untagged HOR fish were estimated as the proportion of 
unmarked/untagged fish released from individual CWT release groups (CWT associated), an 
estimate of unmarked unassociated fish and known surrogates (see methods below).  This 
method assumes that all unmarked/untagged HOR fish were identified and did not account for 
the return of unmarked HOR strays.  The adult run reconstruction team refers to this process as 
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the “subtraction method” for estimating NOR returns since it involved estimating all unmarked 
hatchery fish and subtracting them from the total unmarked group (Figure 6). 

 The CWT group consists of HOR fish that possessed a CWT at capture.  Following the 
proportional assignment of fish lacking CWT codes or lengths using a CWT code/length table, 
CWT codes provide brood year, release location and smolt release stage (subyearling or 
yearling).  The number of CWT fish captured is used to estimate the number of untagged CWT-
associated fish that would be expected to return, assuming equal survival and no tag loss. The 
adult run reconstruction team divides the number of recovered CWT fish by the known 
proportion of tagged fish at release and then subtracts the number of recovered CWT fish for 
each release group (CWT code).  Total adipose fin clipped CWT-associated and unclipped 
CWT-associated fish are summarized by sex and European age and are subtracted from the AD 
No Tag and No Mark groups, respectively. 

 The AD No Tag group consists of known HOR fish from the untagged portion of the 
CWT release groups and unassociated releases, along with an unknown number of out of basin 
HOR strays.  Following the proportional assignment of fish lacking ages using an age/length 
table constructed from known age HOR fish (largely CWT fish), the group is summarized by sex 
and European age.  The estimate of AD clipped CWT associated fish were subtracted from this 
group and any remaining fish are considered out of basin HOR strays.    

The Surrogate groups were reared to have similar characteristics as NOR juveniles and are 
assigned to the No mark group in the initial categorization.  Once identified they are subtracted 
from the No mark fish based on PIT tag codes (they were nearly 100% PIT tagged at release), 
assuming no tag loss and 100% detection efficiency.  For final run reconstruction accounting 
purposes the surrogate estimate is added to the known-origin (in-basin) HOR group.  

The Unassociated groups are untagged (no CWT) releases of HOR fall Chinook salmon 
subyearling in the Snake River basin that occurred prior to 2007 (releases of brood year 2006 
fish).  All subsequent Snake River HOR releases were proportionally tagged using CWT or PIT 
tags (surrogate releases only) and could be evaluated individually using tag recoveries.  
Unassociated groups may or may not have been marked with adipose-fin clips and would have 
been assigned to the No mark or AD no tag groups in the initial categorization.  Estimating adult 
returns from these releases cannot be done directly, but require estimating their survival from 
another release group.  The adult run reconstruction team hoped to use smolt to adult return 
(SAR) rates from CWT-tagged releases from the same year and site but discovered that SAR 
rates were highly variable across the basin, with no clear pattern of higher SAR rates from 
specific release locations or release times (early or late).  Therefore, they chose to use the median 
SAR of all subyearling releases for a given brood year.  They multiply the median SAR rate by 
the unassociated group release numbers to estimate return numbers separately by sex and brood 
year.  Once identified, they subtract the unmarked unassociated fish from the No mark group by 
sex and European age.  For final run reconstruction accounting purposes the Unassociated 
groups are added to the known-origin (in-basin) HOR group. 

Final passage abundance estimates for the three groups are determined by proportional 
allocation to the total annual adjusted window count after accounting for fall back and re-
ascension (Figure 6).  A proportion of fish which successfully pass the ladder fell back through 
the dam and a portion of these re-ascended and are counted again at the window, inflating the 
window count.  Fallback and re-ascension rates are determined by PIT tag analysis and varied 
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depending on age (i.e., jack fallback rate was greater than that of adults) and release location 
(i.e., fish released onsite at Lyons Ferry Hatchery have a greater fallback rate and much lower re-
ascension rate than fish released upstream of Lower Granite Dam). Window count adjustments 
are performed at the level of individual groups.  Once the entire systematic sample compositions 
are applied to the adjusted window count, adults and jacks for each category are then adjusted by 
multiplying by the pertinent “1 minus the re-ascension rate” to account for re-ascension.  
Fallback without re-ascension does not affect the estimated return to Lower Granite Dam, but 
could have a significant impact to the estimates of the abundance and composition of spawner 
escapement above Lower Granite Dam.   

 

Reconstructing the Juvenile Run 

Background 
Though treated as one population, temperature during incubation and early rearing fosters 

life history diversity among the natural juveniles produced in the major spawning areas (Connor 
et al. 2002; 2003b).  Young fall Chinook salmon in the Snake River typically emerge and begin 
seaward movement earliest in the year followed in overlapping order by fish from the Grande 
Ronde River, and finally the Clearwater River.  Some subyearlings (hereafter, CH0s) discontinue 
active seaward movement, pass downstream in reservoirs throughout the Federal Columbia River 
Power System from late fall to the following spring, and then complete their migration and enter 
the ocean as yearlings (Arnsberg and Statler 1995; Connor et al. 2002).  We refer to yearlings 
hereafter as CH1s.  The CH1s that exhibit the “reservoir-type” juvenile life history or migration 
tactic is important to adult returns and is most prevalent among fall Chinook salmon from the 
Clearwater River (Connor et al. 2005; Marsh et al. 2007).  The phenotypic diversity just 
described makes it necessary to account for passage of juveniles produced from spawning in a 
given brood year (e.g., BY 2010) from April of year t (e.g., 2011) to as late as June of year t +1 
(e.g., 2012).   

 As previously mentioned, the population of CH0s that passes Lower Granite Dam is 
composed of both natural and hatchery fall Chinook salmon.  Relatively few hatchery spring-
summer CH0s are released in the Snake River basin, and the natural juveniles in most years are 
largely of the fall-run genetic lineage (Table 1).  Three strategies are used to produce hatchery 
fall Chinook salmon for release upstream of the dam; namely, the  
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TABLE 1.   Genetic lineage composition (%) for random samples of natural-origin fall Chinook 
salmon subyearlings collected along the riverine shorelines of the lower Snake River, 
1992!2012. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%3'/,'45-*'%
%%%%%%%%%%%%%%6'-/%%%%%%%%%%%%%%%%%7.89'/%:-8;)'<%%%%%%%%%%%%%%%%%%%%%%=-))%%%%%%%%%%%%%%%%%%%%%$;/+4*>:.88'/%
%
% ?@@A% ?B% CC#A% ??#C%
% ?@@D% ??E% FA#A% GB#C%
% ?@@F% ?AF% @C#F% ?#E%
% ?@@G% ?FG% @B#A% A#C%
% ?@@E% EA% CG#G% ?F#G%
% ?@@B% @D% ED#F% DE#E%
% ?@@C% AFG% GF#B% FG#D%
% ?@@@% ?FD% @D#H% B#H%
% AHHH% @?% ?HH#H% H#H%
% AHH?% FE% @G#B% F#D%
% AHHA% AHB% BE#D% AD#B%
% AHHD% ??E% CG#D% ?F#B%
% AHHF% AD?% @B#H% D#H%
% AHHG% ABD% @E#B% D#D%
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% AHHB% ADD% @G#B% F#D%
% AHHC% ABF% @A#H% C#H%
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surrogate CH0, production CH0, and production CH1 rearing strategies.  The surrogate CH0s are 
usually produced by controlling incubation rate and growth of hatchery fish to match natural 
CH0s in size at release as closely as possible (70!75 mm fork length), or to achieve a minimum 
size required for implantation of radio or acoustic tags.  Nearly 100% of surrogate CH0s are 
implanted with PIT tags prior to their release that is typically made from late May to early July to 
coincide with the historical period of peak beach seine catch of natural CH0s in the Snake and 
Clearwater rivers.  Surrogate CH0s are not fin clipped or tagged with wire.  Culturing production 
CH0s involves controlling incubation and growth to produce 90–95 mm fish, sometimes 
followed by a few weeks of acclimation at sites along the Snake and Clearwater rivers (Figure 1) 
before release primarily in May but sometimes as late as July.  Culturing the production CH1s 
also involves controlling incubation and growth, but the fish are held an extra year in the 
hatchery and are released at acclimation facilities primarily in April and their migration 
coincides with the migrations of both natural and hatchery reservoir-type juveniles.  In contrast 
to surrogate CH0s, releases of production CH0s and CH1s are not 100% PIT tagged, and both 
the PIT-tagging and mark rates vary across years and release locations. 

Lower Granite Dam is equipped with a bypass composed of screens in the turbine intakes 
that divert downstream migrating juvenile anadromous salmonids away from the powerhouse 
into flumes that empty into raceways or the dam tailrace (e.g., Matthews et al. 1977) during 
April–October (dates vary by year; PTOC 2012).  In addition to preventing smolts from directly 
passing into the powerhouse and turbines, the bypass at the dam essentially functions as a fish 
trap and can be used to collect the data needed to estimate abundance of natural fall CH0s, and of 
natural fall CH1s.  One simple equation used to estimate abundance, ˆNi, is 

J!"%K%J#">J$"L%
where ˆYi is number of fish in group i estimated to pass the dam via the bypass over a given 

time interval, and ˆCi is the collection probability estimated for that time interval.  Collection 
probability is the proportion of the total number of fish that pass a dam by all passage routes 
combined that is diverted into the bypass.  Collection probability ˆCi can be estimated using the 
function from Plumb et al. (2012): 

%
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Outflow is the total volume of water that passes the dam. Turbine allocation is the 

proportion of outflow passed through the turbines intakes.  Decreases in turbine allocation 
caused by passing water over the spillways decreases collection probability (Plumb et al. 2012). 

 There are a number of sources of fish count data that might be used to estimate ˆYi.  The 
flumes in the bypass at Lower Granite Dam are fitted with monitors that detect passage of PIT-
tagged fish 24 h/d from early spring through late fall when the bypass is supplied with water.  
Group size ˆYi can be estimated as the number of PIT-tagged fish detected from a given group 
over time interval i expanded by the PIT-tagging rate for that group.  Natural CH0s have been 
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PIT-tagged along the Snake and Clearwater rivers, where all naturally produced juveniles must 
pass downstream to enter Lower Granite Reservoir.  The simplest way to estimate production of 
natural CH0s for time interval i for the months April–October of year t (or natural CH1s during 
April–June of year t +1) would be to use the PIT-tag data collected on this CH0 group to 
estimate ˆYi.  However, the Clearwater River was not sampled in some years and collecting a 
representative sample in this river can be difficult (e.g., Connor et al. 2012).  Furthermore, the 
population of natural CH0s during rearing (i.e., when the fish are tagged) is not known.  Thus, 
we cannot calculate the PIT-tagging rate for the natural population.  Hereafter, we generally 
describe the method under development by the juvenile run reconstruction team for estimating 
passage abundance. 

Estimating Passage Abundance during April!October of Year t 

  The method for estimating ˆYi for natural CH0s during April–October of year t involves 
subtracting estimates of ˆYi for surrogate and production CH0s from corresponding estimates of 
ˆYi for the population of CH0s.  It is necessary to understand that the method relies on data 
collected on fish in a sample tank by staff of the Smolt Monitoring Program (SMP).  Staff of the 
SMP takes timed daily samples of CH0s in the bypass from April through October each year 
(sometimes in late March).  The fish are sampled through the operation of a diversion gate that 
routes fish from the bypass into a sample tank for portions of each 24-h period (e.g., 7:00 AM of 
1 June to 7:00 AM on 2 June = SMP sample date 2 June).  All of the PIT-tagged fish that are 
routed into the tank are detected.  In the case of surrogate CH0s that are PIT-tagged at rates close 
to 100%, expanding the number of sample tank detections by both sampling probability and PIT-
tagging rate produces a reliable estimate of ˆYi.  Our exploratory analyses showed that this is not 
the case for production CH0s because the PIT tagging rates are sometimes too low (e.g., 0.6%) to 
represent the entire release group. 

Consequently, it is necessary to rely on additional sample tank data.  After sample tank 
entry, individual fish are identified to species, aged based on morphology (Tiffan et al. 2001), 
measured, examined for clips, and scanned for wire tags if unclipped.  These samples usually 
provide a complete census of fish in the tank, but fin-clipped and wire-tagged fish cannot be 
directly assigned to a given hatchery release group since fin clips are not a unique mark and the 
wire is not extracted and read.  Thus, the method for estimating ˆYi for production CH0s (and 
other relevant groups) relies on the joint use of PIT-tag data collected in the bypass and mark 
data collected in the sample tank.  Sample tank collection data are readily available from the 
SMP staff for the years 1999 to present.  Sample count data are archived prior to 1999 and will 
require manual processing.  The general steps for estimating passage abundance of natural fall 
CH0s during April–October are given in Figure 7.  Applying this method to BY 2010 data 
produced estimates of natural fall CHO abundance for the months April to October: 6,872 
(April), 67,451 (May), 85,271 (June), 109,830 (July), 83,452 (August), 25,804 (September), and 
24,520 (October).  A detailed write-up and application of the steps in Figure 7 to BY 20 10 data 
can be obtained from the first author.
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FIGURE 7.   Generalized steps for estimating passage abundance for natural fall CH0s at Lower 
Granite Dam during April–October when the bypass is supplied with water and SMP staff 
collects daily sample count data.
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Estimating Passage Abundance during November of Year t to March of Year t + 1 

Data for developing a method for making estimates for this time period are limited.  The 
bypass at Lower Granite Dam is not supplied with water between 31 October and 1 April during 
most years.  Thus, the PIT-tag monitoring systems cannot provide detection data, and the SMP 
staff cannot subsample fish.  However, there is some information that helps us to understand 
juvenile fish passage during October–March.  We know with certainty that natural CH0s pass 
Lower Granite Dam during November to March based on radiotelemetry data (Tiffan et al. 
2012), as well as PIT-tag detection data collected during November through early December 
when the bypass was supplied with water 2005 and 2006, and 2008–2011 (Connor et al. 2008a, 
2008b, 2009!2012).  We also believe that very few spring-summer  lineage juveniles winter in 
Lower Granite Reservoir as those spring-summer lineage CH0s that disperse into natal rearing 
areas of fall Chinook salmon largely pass Lower Granite Dam by the end of August (Connor et 
al. 2001a), grow rapidly, and are believed to become actively migrating smolts (Connor et al. 
2001b).       

The most complete radiotelemetry data set was collected on BY 2010 fish.  The BY 2010 
data was used to develop and apply the method for estimating passage estimating passage 
abundance of natural fall CH0s during November–March abundance with the BY 2010 data 
(Figure 8).   A detailed write-up and application of the steps in Figure 6 can be obtained from the 
first author.  The method is premised on the facts that movement of fish is affected by flow and 
temperature.  Movement of CH0s increases as velocity increases (Tiffan et al. 2009) even during 
winter months and early spring as fish grow and become yearlings (Tiffan et al. 2012).  
Movement can also be regulated by temperature as temperature decreases metabolism (Brown et 
al. 2009).  The method is also premised on the deduction that passage of natural fall Chinook 
salmon juveniles peaks during the summer and oscillates to declining levels with the potential for 
moderate peaks thereafter.   A key point in this method is that passage abundance at Lower 
Granite Dam during November–March can be predicted from measures of summer passage 
abundance, monthly flows, and monthly temperatures. 
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FIGURE 8.  Generalized steps for estimating passage abundance of natural fall CH0s from 

November through March when the bypass is not supplied with water and the SMP staff 
does not take sample counts at Lower Granite Dam.
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The juvenile run reconstruction team formed the data set for fitting a predictive model 
from BY 2010 information as follows.  We divided the monthly estimates of passage abundance 
of  natural fall CH0s for August 2011–March 2012 by the July 2011 estimate of passage 
abundance to calculate the relative passage proportions (p) for each of these months.  We then 
calculated the maximum monthly outflow Qmax) and mean monthly temperature (!) measured 
in the tailrace of Lower Granite Dam for the months August–March.  Next, they calculated delta 
flow and delta temperature (*"Q and "!) values by subtracting the flows and temperatures 
observed in month 2 from month 1 (e.g., September from August).  They used the Burnham and 
Anderson approach to model selection (Burnham and Anderson 2002) to fit a final regression 
model for predicting the relative passage proportions for the months November–March.   The 
final regression model was 

%
)(*'%;%K%R?F#HFE%N%H#HH@ST8-U%N%H#HHCSVT%N%H#@DGSV!%R%H#HHASVTWV!#%

%
This model explained 98% of the variation observed in the monthly relative passage 

proportions (N = 7 months [August was an outlier and was dropped as it was not important to 
prediction]; P = 0.02).  The juvenile run reconstruction team used this equation to predict the 
relative passage proportions for November through March, and then multiplied estimated natural 
fall CH0 passage abundance for July by these predicted passage proportions.  This produced the 
following monthly estimated natural fall CH0 passage abundances:  23,174 (November), 35,914 
(December), 1,428 (January), 439 (February), and 1,757 (March).  The regression equation and 
method will be applied to all other years studied to estimate passage abundance during 
November!March. 

!

Estimating Passage Abundance after April of Year t + 1 

Estimating passage abundance of natural fall Chinook salmon reservoir-type juveniles 
from April onward after the bypass is resupplied with water and the SMP staff resumes data 
collection follows the same general steps shown in Figure 5.  A detailed write-up and application 
of all the steps in Figure 5 can be obtained from the first author.  The monthly passage 
abundance estimate made with the method for April (the last month of passage of BY 2010 fish) 
was 12,025. 
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Making Annual Estimates of Passage Abundance of Natural fall Chinook Salmon Juveniles 

Summing the monthly passage abundance estimates made from April of year t to the last 
month of passage in year t +1 provides an estimate of total annual passage abundance.  The 
monthly passage abundances estimates made during method development using BY 2010 data 
are given in Figure 9.  Estimated total annual passage abundance for BY 2010 natural fall 
Chinook salmon juveniles was 471,693.  The method for estimating an overall error bound on an 
estimate of total annual passage abundance will include bootstrapping (Efron and Tibshirani 
1998).  The bootstrapping method is not described here, but will be once the all preceding steps 
are fully refined. 
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FIGURE 9.   Estimated monthly passage abundances for BY 2010 natural fall Chinook salmon 
juveniles at Lower Granite Dam including the estimate of total annual passage abundance 
(N^BY 2010).  
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The Next Steps 
Presently, the adult run reconstruction team is finalizing the development of their method.  

Completion of adult run reconstruction for the years 2003!2012 is scheduled for some time in 
2013.   Run reconstruction methods, data, and results for the years 1990!2002 are available 
either electronically or in open-file reports from the NOAA Fisheries and the Washington 
Department of Fish and Wildlife.  We will compile and summarize this information in one report 
by spring 2013.  We hope to have a single report describing the adult run reconstruction methods 
and results for 1990!2012 by the end of 2013. 

During early winter 2013, we will obtain the data collected on juveniles during 1991!2012 
from the SMP staff at Lower Granite Dam and compile it electronically into a single database.  
Genetic lineage data collected in the Clearwater River will be compiled with those collected in 
the Snake River, and all unprocessed samples will be processed by the end of 2013 pending 
funding availability.  The juvenile run reconstruction team will continue to refine the methods 
for estimating November!March passage abundance by comparing the September and October 
predictions of passage abundance inherent to the regression model to the observed levels each 
year.  It would also be informative to conduct an additional three years of radiotelemetry work to 
test some of the assumptions in the method for estimating November!March passage abundance, 
as this method has the potential to be important to informing the recovery plan that will not be 
published until about 2016.  However, funding is presently unavailable.  As such, the method for 
juvenile run reconstruction, which is presently in review and in spreadsheet form, is scheduled to 
be written in computer code including a routine for bootstrapping confidence limits by the end of 
2013.   The tentative date for completing two-stage stock-recruitment modeling with the run 
reconstruction is May 2014 with additional years of data to be added each year as funding 
allows. 

!
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3.1.2 Life History model for Snake River fall Chinook 

Jens Hegg (University of Idaho), Brian Kennedy (University of Idaho), and Rich Zabel (NOAA 
Fisheries) 
 
Introduction 
 

The affects of hydropower in the Snake and Columbia rivers in the recent past may have 
elicited a recent adaptive response in juvenile migration strategy of Snake River Fall Chinook 
salmon.  The vast majority of Snake River Fall Chinook salmon historically expressed an ocean-
type subyearling outmigration strategy (Groot and Margolis 1991).  Connor et al. (2005) recently 
demonstrated that a significant fraction of the population now exhibit a yearling out-migration 
strategy and Williams et al. (2008) inferred that the yearling life history currently has higher 
fitness. The temperature, hydrology, and effects of hydropower vary between spawning streams 
(Connor et al. 2002) indicating that spatially variable environmental variables may affect 
migration timing. Hegg et al. (in press) reconstructed natal, rearing and overwintering locations 
from adult otoliths and showed that the proportion of fish adopting the yearling strategy was 
significantly higher in the Clearwater River compared to the Upper and Lower Snake River 
spawning sites. This spatial variation in migration strategy offers an opportunity to understand 
the geographic distribution of life history strategies, the environmental conditions that favor 
them, and the fitness advantages they confer.  

We propose to apply stage-structured life history modeling as a tool to test hypotheses of 
optimal migration strategy in juvenile Snake River Fall Chinook salmon. Specifically, we wish 
to test the hypothesis that spatially explicit differences in habitat have led to increased fitness of 
the yearling life history within the Clearwater River spawning area.   

In this section we 1) examine the structure and function of these models in the context of 
juvenile migration in the Snake River, 2) explore the parameterization of potential models in 
comparison to available data. The majority of this report focuses on a series of articles using 
stage structured models to explain the life history strategies of steelhead based upon the ultimate 
fitness of a strategy in the future (Mangel and Satterthwaite 2008; Satterthwaite et al. 2009; 
Satterthwaite et al. 2010; Satterthwaite et al. 2012). By translating these models to more closely 
model the particular life history strategy of Snake River fall Chinook, we test hypotheses that the 
recent changes in life history strategy within the basin are due to spatially distinct differences in 
the fitness landscape across the Snake River Basin.  
 
Stage Structured Models of Salmon Life History 
 
 Life history theory states that, given tradeoffs in life history paths, an organism will take 
the path which maximizes its lifetime fitness (Stearns 1989). Thus, in salmon, we can consider 
each life history decision in the context of its affect on the ultimate fitness of the individual. 
Thus, the first step in setting up a stage-based model is to assign each life stage transition a 
relative effect on the projected ultimate fitness of the individual at some future date. In the case 
of salmon, length-dependent egg production provides a measure of lifetime fecundity and growth 
at each stage can be related to ultimate egg production. Dynamic programming can then be used 
to determine the optimal life history strategy through backwards iteration from the end states 
(McNamara and Houston 1996).  
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 Mangel and Satterthwaite adapted stage structured models to predict the degree of 
anadromy in populations of steelhead in California’s Central Valley (Satterthwaite et al. 2009; 
Satterthwaite et al. 2010) as well as the outmigration strategy of steelhead juveniles through 
downstream habitats of variable growth potential (Satterthwaite et al. 2012). The models used 
size dependent mortality, bioenergetics, growth and adult fecundity to model the tradeoffs of 
anadromy and downstream movement.  
 These models are remarkable in their ability to predict the life history parameters of these 
steelhead populations across variable environmental regimes. They were used to accurately 
predict the degree of anadromy in streams with differing environmental conditions, the dominant 
age of out-migration, as well as complex upstream-downstream movement patterns of juvenile 
steelhead.   
 
Adapting these models to juvenile Snake River Fall Chinook migration 
   
 The mechanics of the Satterthwaite (2012) habitat use model can be adapted to consider 
movement from natal stream, to reservoir, estuary and ocean. A conceptual model of the stage 
structure is shown in Figure 1. By setting the differential growth and survival at levels expected 
for each spawning location and life stage the model can be used to test the hypothesis that 
spatially distinct differences in habitat are responsible for increased fitness of the yearling life 
history in the Clearwater. Parameterization of the model, however, requires attention to the 

available data. The suggested parameters under the 
most basic model formulation are listed in Table 1.  
 
 A large amount of growth, survival and 
movement data is available from beach seine 
captures of juvenile fish in Snake River system 
(Connor et al. 2002; Connor et al. 2003a; Connor et 
al. 2005; Connor et al. 2003b). In addition, much 
work has been done to characterize the juvenile 
migration strategy of Snake River Fall Chinook, 
their growth, and length based on otoliths collected 
from juvenile and adult fish (Hegg et al. in press; 
Zabel et al. 2010). An otolith library of adult wild 
Fall Chinook salmon from 2006-12 is also available 
to provide additional otolith growth and life history 
data. Individual fecundity is available for all 
spawned female fish at Lyons Ferry Hatchery 
through the 2011 spawning year (WDFW, personal 
communication). This data could be used to create 
relationships between fecundity and life history 
strategy, age and length.  
 Estimates of stage specific growth rates can 
be calculated using length data and growth rates 
determined from otolith microstructure. Using the 

Figure 1 
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length-to-otolith-radius relationship developed by Zabel et al. (Zabel et al. 2010) length data 
from beach seine captures of juvenile fish in the Snake and Clearwater rivers can be used to 
estimate growth rates at given periods throughout the freshwater phase.  
 
Table 1   
  
Model parameter Description 
Fork length Data available from juvenile fish. Growth reconstruction from otoliths of 

known origin fish using otolith/fork length relationship (Zabel et al. 2010). 
Will require additional otolith analysis. 

Time Days since emergence, or from a predetermined date. 
Movement decision Five possible locations, coded as 1=Natal Location 2=Rearing 

3=Overwintering 4=Estuary 5=Ocean entry  
Expected growth Ratio of expected growth in a given location to long term average. (Based 

upon otolith growth at time points within the juvenile phase) 
Survival probability Juvenile survival estimates are available from beach seine data (Connor et 

al. 2003a) 
Terminal time The maximum freshwater residency (in this case early-springtime of the 

year following hatch) 
Emigrant survival Estimated survival to spawning. (Estimates can be made from current SAR 

data, though estimates are admittedly imprecise) 
Lifetime fecundity of 
returning adults 

Expressed as number of eggs. (Fecundity data is available for individual 
spawned fish at Lyons Ferry through 2011) 

Additional Parameters 
 

Size specific marine survival Can be estimated as in (Williams et al. 2008) 
Bioenergetics  Much of this data may be available in the literature. Two options are 

available for calculating bioenergetics: 
• A Wisconsin model of bioenergetics similar to (Stewart and Ibarra 

1991) 
• A consumption based model using radioisotopes of Cesium to 

track consumption based on stomach samples and muscle tissue 
from collections by Connor et. al. using techniques from (Kennedy 
et al. 2004; Kennedy et al. 2008) 

Temperature Data available from USGS and from temp loggers within the spawning 
areas 

 
 One of the most exciting prospects of this modeling effort will be the potential to use 
bioenergetics and/or consumption estimates to inform the growth estimates. It has been noted 
that the Clearwater River is much cooler during periods important for juvenile growth of Fall 
Chinook (Connor et al. 2003a) and that this may be a driver of the yearling life history strategy, 
potentially due to slower growth (Connor et al. 2005). Without a mechanistic understanding of 
the causes of differential growth between spawning areas, however, it is difficult to test the 
hypothesis that environmental conditions are causing changes in Fall Chinook migration timing.  
 The Wisconsin bioenergetics model, as parameterized for Fall Chinook (Stewart and 
Ibarra 1991), allows mechanistic predictions of growth based on consumption, excretion, and 
temperature and activity dependent metabolic demands. Further, it has been shown that 
consumption rates can be directly calculated using the tissue turnover of geologically derived 
cesium (133Cs) as an inert tracer of consumption (Kennedy et al. 2004; Kennedy et al. 2008). 
Stomach samples from beach seine collection of juveniles by Connor et al. (personal 
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communication) may provide both estimates of consumption, 133Cs of prey, and estimated 
consumption rates during each life stage of juvenile Fall Chinook salmon. Combined with 
detailed temperature data available through USGS gauging stations or temp loggers within the 
basin will allow a mechanistic approach to modeling growth as a function of environmental 
conditions between spawning areas.  
 In conclusion, stage-structured models of juvenile salmon have been shown to accurately 
predict downstream migration tactics in habitats that exhibit growth/survival tradeoffs. Long-
term otolith and beach-seine datasets for the Snake River can be used to estimate stage specific 
growth and survival, informed by growth predictions from consumption data and/or 
bioenergetics models. Using this data we believe that we can test hypotheses that environmental 
conditions in the Clearwater River are contributing to increased selective pressure towards a 
yearling life history within this spawning population of Snake River Fall Chinook salmon. 
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3.2: Methow River Intensively Monitored Watershed: Salmonid Life-cycle Model 
Michael Newsom (USBR), Ryan Bellmore (USGS), Andrew Murdoch (WDFW) and Charlie 
Snow (WDFW) 

1. Organization 

Research, monitoring and evaluation in the Methow River life-cycle modeling program is 
designed to estimate the freshwater productivity of the spawning and rearing environment of 
listed Upper Columbia River spring Chinook and Upper Columbia River summer steelhead. We 
are using a dynamic modeling approach to explore the food web environment of the listed 
species. Data collection from the Methow River and data from the literature are used to 
parameterize the models. Data associated with several, large freshwater habitat improvement 
projects will be used to test and refine (validate) the models. The work is conducted 
cooperatively among many management entities in the framework of an intensively monitored 
watershed.  
 
Intensively Monitored Watersheds (IMW) are key elements of the programmatic monitoring 
approach developed through the Pacific Northwest Aquatic Monitoring Partnership 
(www.pnamp.org) to evaluate management questions at the landscape and fish population level.  
The PNAMP Steering Committee and its IMW Subcommittee developed a regional strategy for 
IMWs (http://www.pnamp.org/document/1432).  PNAMP organized a July 2008 workshop to 
help implement this regional strategy (http://www.pnamp.org/document/1651).  PNAMP is 
planning a second IMW workshop in early December 2012.  The basic premise of the IMW is 
that the complex relationships controlling a fish population’s response to habitat conditions are 
best understood and quantified by concentrating monitoring and research efforts at an 
appropriate spatial and temporal scale. 
 
The Methow IMW is a collaborative monitoring effort among the Upper Columbia River Salmon 
Recovery Board (UCSRB), the Methow Conservancy District, the Washington Department of 
Fish and Wildlife (WDFW), the Washington Department of Ecology (WDOE), the Douglas 
County Public Utility District (DCPUD), the Yakama Nation (YN), the U.S. Fish and Wildlife 
Service (USFWS), the Northwest Fisheries Science Center (NWFSC), and the U.S. Forest 
Service (USFS).  Reclamation’s Columbia-Snake Salmon Recovery Office (CSRO) funds its 
RME work through agreements with the U.S. Geological Survey (USGS) – Columbia River 
Research Laboratory (USGS-CRRL), the Cooperative Ecosystem Study Unit – University of 
Idaho Fish and Wildlife, College of Natural Resources (U of I), and the Methow Conservancy 
District. 
 
Reclamation’s monitoring coordinator organizes regular meetings with Methow monitoring 
partners, and through its agreements, directs and funds data management and modeling services, 
and conducts reach-scale monitoring activities associated with Reclamation’s habitat and 
hatchery funded programs.  The WDFW, through funding from DCPUD, collects fish population 
data to assess improvements in State hatchery projects, including a relative reproductive success 
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study of hatchery and wild steelhead in the Twisp River; the USFWS is working with the 
NWFSC, Reclamation, and USGS-CRRL to collect data on hatchery improvements at the 
Reclamation-funded Winthrop hatchery; the YN, through BPA funding, is collecting data on 
nutrient supplementation projects and coho reintroduction projects; Reclamation’s Technical 
Service Center (TSC) received three years of funding to model Methow River physical processes 
such as flow and temperature with respect to climate change effects; the WDOE funded The 
Wild Fish Conservancy to conduct a long-term water quality study, including an intensive 
network of temperature data loggers; and the USGS is collecting land use, physical, and 
biological data to evaluate a decision analysis model for natural resource decisions in the 
Methow River that will be used for climate change analyses using down-scaled climate data. 
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2. Setting 

The Methow River Basin is located on the east side of the Cascade Range in north-central 
Washington.  The Methow River drains about 1,890 square miles and flows about 86 river miles 
from the crest of the Cascades (elevation 8950 feet) to its confluence with the Columbia River at 
river mile (RM) 524 (elevation 775 feet). The Basin five distinct subbasins or watersheds: the 
Upper Methow River above Winthrop, the Chewuch River at Winthrop, the Middle Methow 
River between Winthrop and Twisp, the Twisp River, and the lower Methow River below Twisp 
including three significant tributaries (Beaver Creek, Libby Creek, and Gold Creek) (Figure ).  
The Methow River IMW is home to two ESA-listed populations of anadromous fish covered 
under the FCRPS BiOp: endangered Upper Columbia River spring Chinook salmon 
(Oncorhynchus tshawytscha) and threatened Upper Columbia River steelhead (Oncorhynchus 
mykiss. 

 
Figure 1: Methow River Basin in north central Washington 
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Figure 2.  The Methow River Major Tributary Subbasins. 
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3. Spawner Population Data 

Listed Upper Columbia spring Chinook and summer steelhead populations in the Methow River 
Basin are affected by a number of human caused factors including freshwater and estuarine 
habitat degradation, hatchery fish competition and gene introgression, dams, water quality 
degradation, predation and human harvest. The Northwest Fisheries Science Center estimated 
spawner abundance and population growth rates for both species in 2010 (Tables 1 and 2). 

 

 
 

Population 
 

Total Spawners 
5-year geometric mean, range 

Natural Origin Spawners 
5-year geometric mean 

 
 Listing 

1991-
1996 

Prior 
1997-
2001 

Current 
2003-
2008 

Prior 
1997-2001 

Current 
2003-
2008 

% 
Increase 
Natural 
Current 
vs. Prior  

 
Wenatchee 

River 
167 470 

119-
4,446 

800 274 489 78%  

Entiat River 89 111 
53-444 

253 
207-
317 

65 111 71% 

Methow 
River 

325 680 358  282  402  43%  

 
Table 1: Estimated spawning abundance (total spawners, natural origin spawners) for Upper 
Columbia spring chinook populations, from Table 6, Status review update for Pacific salmon 
and steelhead listed under the Endangered Species Act, Michael Ford (ed.), Tom Cooney, Paul 
McElhany, Norma Sands, Laurie Weitkamp, Jeffrey Hard, Michelle McClure, Robert Kope, Jim 
Myers, Andrew Albaugh, Katie Barnas, David Teel, Paul Moran and Jeff Cowen, !"#$%&'($)
*+(%'#+'(),-+'.-')/'.$'#0)/".('#12$+".)3+"4"56)7+1+(+".)89:'#2$+".(0);2.25'<'.$)2.=)
>.?"#<2$+".)7+1+(+".0)December 10, 2010 
)
 

 
 

Population 
 

Total Spawners 
5-year geometric mean, range 

Natural Origin Spawners 
5-year geometric mean 

 

 Listing 
1991-
1996 

Prior 
1997-
2001 

Current 
2003-
2008 

Listing 
1991-1996 Prior 

1997-2001 
Current 

2003-2008 

% 
Increase 
Natural 
Current 
vs. Prior  

 
Wenatchee 

River 
1880 696 

343-
1665 

1891 
931-
3608 

458 326 
(241-696) 

881199  
((770011--996622))  151% 

Entiat River 121 265 
132-
427 

530 
300-
892 

59 46 
(31-97) 

111166  
((9999--113377))  152% 

Methow 
River 

1184 1935 
1417-
3325 

3504 
2982-
4394 

251 162 
(68-332) 

550055  
((336611--770033))  212% 

Okanogan 
RIver 

723 1124 
770-
1956 

1832 
1483-
2260 

84 53 
(22-109) 

115522  
((110044--119977))  187% 
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Table 2: Estimated spawning abundance (total spawners, natural origin spawners) for Upper 
Columbia summer steelhead populations, from Table 6, Status review update for Pacific salmon 
and steelhead listed under the Endangered Species Act, Michael Ford (ed.), Tom Cooney, Paul 
McElhany, Norma Sands, Laurie Weitkamp, Jeffrey Hard, Michelle McClure, Robert Kope, Jim 
Myers, Andrew Albaugh, Katie Barnas, David Teel, Paul Moran and Jeff Cowen, !"#$%&'($)
*+(%'#+'(),-+'.-')/'.$'#0)/".('#12$+".)3+"4"56)7+1+(+".)89:'#2$+".(0);2.25'<'.$)2.=)
>.?"#<2$+".)7+1+(+".0)December 10, 2010 
)
4. Tributary Spring Chinook and Summer Steelhead: Egg to Emigrant Juvenile 

Population Data 
 
Juvenile production is very low. Table 3 shows brood year smolt production for the Twisp River 
where a weir and smolt trap maintained by WDFW provide the best estimates of fish in and fish 
out. Figures 3 and 4 compare Twisp River spring Chinook and summer steelhead egg to emigrant 
data to similar data averaged for other Pacific Rim streams. 
 
 

STH Twisp River Brood Year Production 
Brood 
Year 

Redds Estimated Eggs Age-1 Age-2 Age-3 Age-4 Smolt/Egg 

2003 606 3849312 241 1787 1357 58 0.00089 
2004 254 1166876 79 3192 500 198 0.0034 
2005 452 2806016 292 2686 2102 113 0.00185 
2006 384 2452992 81 4712 2223 336 0.002997 
2007 82 418774 42 10217 2812 441 0.032266 
2008 182 1078350 76 2295 769 74 0.00298 
2009 352 2147200 61 4725 1806 147 0.003139 
        
       0.00679 
       Avg smolts/ 

Redd 
 
Table 3: Steelhead egg-to-smolt data (WDFW; red values calculated from data) 
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5. Tributary Spring Chinook and Summer Steelhead: Smolt versus Redd Juvenile 
Population Data 
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6. Improving Estimates of Juvenile Detection Efficiencies 
 
The USGS recently conducted a smolt survival analysis based on PIT-tag detection data (draft 
Open File Report).USGS used Monte Carlo simulations to estimate detection rates for different 
PIT-tag release group sizes based on detection efficiency estimates at eaxh detector derived from 
large group releases of tagged hatchery fish. The analysis compared the effect on survival 
estimates of different size release groups and additional detectors (Figures 11 and 12). Somewhat 
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surprisingly we realize only modest changes in detection probability with the additional detectors 
modeled in the simulation exercise. Figure 13 shows the current detector network (needs 
updating). 
 

 
 
Figure 11: The Delta AICc between two models (phi(g*d) p(d) and phi(d) p(d))  
for 3,000 simulations to determine differences in survival (5%, 10% and 20%) between two 
groups (treatment and control) using the current PIT tag interrogators (n=6) and Twisp River 
screw trap encountered for fish released in the Twisp River 
!
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Figures 12: The Delta AICc between two models (phi(g*d) p(d)and phi(d) p(d)) 
 for 3,000 simulations to determine differences in survival (5%, 10% and 20%) between two 
groups(treatment and control) using the current PIT tag interrogators (n=10) and Twisp River 
screw trap encountered for fish released in the Twisp River 

 
Figure 13: Methow River fish interrogation network 
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7. Life Cycle Modeling: A Food Web Approach to Estimating Juvenile Productivity 
 
Background 
 
Understanding the mechanisms that fuel freshwater fish production will require expanding 
models beyond direct relationships between physical habitat and fish, to include the complex 
biotic interactions that can mediate fish response to physical habitat (Wipfli and Baxter 2011).  
There are now numerous examples where changes in nutrient availability and/or food webs 
(without any significant changes in physical habitat) have led to deteriorated environmental 
issues (e.g., Ellis et al. 2011), or improved freshwater conditions (see Carpenter et al. 1995).  
More recently, there has also been a challenge by the Columbia River Independent Scientific 
Review Board to incorporate food web dynamics into freshwater models of fish production 
(ISAB 2011).  Understanding how freshwater systems might respond to management strategies 
and environmental change will require holistic approaches that link the physical and biotic 
compartments of ecosystems in a manner that allows researchers to simulate how different 
scenarios impact the flows of energy that fuel anadromous salmonids. 
 
Here, we outline a food web model that is currently being constructed by the USGS Columbia 
River Research Lab (USGS-CRRL), the Bureau of Reclamation (BOR) and the University of 
Idaho (UI).  The goals of this modeling exercise include:  

1.) Use modeling to organize our understanding of the biotic and abiotic mechanisms that 
underpin the freshwater productivity of anadromous fishes.  

2.) Create a feedback loop between modeling and monitoring, whereby modeling is 
utilized to generate hypotheses, prioritize experiments, and determine data needs.  
Reciprocally, results/data from monitoring and experiments are used to parameterize, 
calibrate and, if necessary, modify the model structure.   

3.) Evaluate potential impacts of management actions and environmental changes on 
freshwater productivity, and the ability of freshwater systems to sustain anadromous 
salmonids. 

 
In the Methow River, this model will be utilized to evaluate three distinctly different treatments 
that are being utilized in an attempt to recovery ESA-listed Chinook and steelhead populations.  
These treatment categories include: (1) habitat restoration (e.g., floodplain reconnection), (2) 
nutrient additions (e.g., salmon carcasses), and (3) invasive species removal.  Although the 
model is initially being parameterized and calibrated in the Methow River, it will be constructed 
in a transparent fashion, to allow easy parameterization to other locations (see below). 
 
 
Model Overview 
The model outlined here, hereafter called the Aquatic Trophic Productivity Model (ATP Model), 
takes an energetic approach to modeling stream food webs (see Yodzis and Innes 1992; Power et 
al. 1995; Pascual and Dunne 2006; Moore and Ruiter 2012), whereby fish production is 
explicitly tied to transfers of organic matter between different components of a simplified river 
food web (Figure 14).  In this framework, fish production is directly fueled by consumption of: 
(1) aquatic invertebrates, (2) terrestrial invertebrates (allochthonous inputs), and (3) salmon 
carcass and egg material.  In-directly, the availability of food resources is a function of stream 
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periphyton production (i.e., autochthonous production) and inputs of allochthonous organic 
matter (i.e., leaf litter). 

 

 
Figure 14:  A conceptual representation of the Trophic Productivity Model, illustrating: (1) the 
key consumer-resource interactions in the model system, (2) inputs of resources from outside the 
model system (e.g., terrestrial litter, salmon spawners), and (3) interactions and feed-backs with 
physical habitat and riparian vegetation.          
 
 
The transfer and production of organic matter within and among different components of the 
food web is mediated by both in-stream physical habitat conditions (e.g., water temperature, 
background nutrient load, substrate, large woody debris etc.), and the structure and composition 
of the adjacent riparian community. 
 
Embedded within the overall model are a series of modules, which include: a light module, a 
periphyton module, an allochthonous inputs module, a salmon spawner module, and an 
interspecific fish food web module.  Some modules are being designed to run independently 
from the larger model (e.g., the periphyton module, see below), and alone, may reveal potentially 
important mechanisms and dynamics.   
 
Model development and simulation in the Methow River will be set in the context of the entire 
life-cycle of anadromous salmonids, which includes habitats both inside and outside of the 
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Methow basin.  Although ATP modeling exercises will be mainly focused on understanding how 
different mitigation and/or environmental change scenarios effect freshwater productivity within 
the Methow, population trends cannot be assessed without accounting for the survival of fish 
from the time they leave the Methow as smolts, until they return as adults (Figure 15). 
Consequently, once the ATP model is complete, it will be connected to a life-cycle model, to 
evaluate longer-term population level consequences of restoration actions. 
 
To test the potential response of the system to treatments, separate ‘actor’ or treatment modules 
will be developed for each of the Methow River treatments.  Actor modules will be developed 
for nutrient supplementation (carcass additions, analog carcass and egg additions, and dissolved 
nutrients); habitat restoration (riparian plantings, floodplain restorations, and large wood 
additions); hatchery supplementation; and species introductions/removals.  Each actor module 
will connect to the ATP model at the mechanistic points that are affected by the treatment type.  
Actor modules will be run independently and simultaneously to reflect combinations of 
treatments.   
 
The monitoring partners are developing study designs for the treatment sites that will provide 
input data to the model.  Additional key model data inputs will be collected throughthe Columbia 
Habitat Monitoring Program  (CHaMP) and other Methow monitoring partners (Figure 15).  
After a model assessment and recalibration period, the intent is to use CHaMP data and other 
project-level action effectiveness data to scale up production to the watershed level.   
 

 
Figure 15. The Methow IMW Evaluation Schema. 
 
 
Model Software 
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The system dynamics software Stella© is being used to code the complex mechanistic 
interactions among habitat and fish populations in a full life-cycle model.  Stella© is a system 
dynamics modeling software that supports mapping and modeling, simulation and analysis, and 
communication tools including text, graphs, tables and reports.  The software is flexible and easy 
to learn.  It supports full internal documentation in the stock and flow representations of the 
dynamical processes.  This framework allows model users to visualize the linkages and 
feedbacks that control the dynamics of the system.  Likewise, Stella provides a user interface (or 
flight simulator), which allows users to easily test model behavior under a range of different 
conditions.  Once the model is complete, the goal will be to create a user interface that will allow 
potential model users to easily understand, parameterize and conduct simulations to test 
alternative mitigation (i.e., habitat restoration, nutrient mitigation)  and/or environmental change 
scenarios (i.e., climate change, species invasions and extinctions). 
 
 
Preliminary Results 
Although the larger model framework is still under development, components of the model have 
been completed.  To date, we have constructed a mechanistic model that simulates the dynamics 
of stream periphyton biomass and production.  This model has been explicitly connected to both 
physical habitat conditions (e.g., slope, substrate, discharge, temperature), and salmon spawners.  
We have used the model to simulate the potential influence of salmon spawning and marine 
derived nutrients on primary production. 
 
Initial model runs indicate that salmon spawners are unlikely to substantially increase primary 
production.  In fact, under most conditions, salmon are likely to have a net disturbance effect on 
periphyton biomass and production, via redd building.  These initial findings suggest that 
stimulation of fish productivity via salmon spawners (i.e., marine derived nutrients) is more 
likely to occur via more direct trophic pathways (i.e., fish and/or invertebrates consuming carcass 
material).  Future iterations of the model will explicitly incorporate these more direct pathways, 
allowing model users to evaluate the response across multiple trophic levels.     
 
 
Next Steps 
Once model development is complete, the next step will be to: 
 
1.)  Parameterize the model for different key locations within the Methow. 
 
2.)  Validate the Model using field data from the Methow.  Locations where appropriate multi-
trophic level data have been collected, such as Hancock Springs and the Twisp River will be key 
locations for model parameterization  
 
3.)  Test alternative mitigation and restoration scenarios.  Once the model is parameterized and 
validated, it will be utilized to test alternative mitigation scenarios, such as habitat restoration 
(e.g., large wood additions and channel reconnections), nutrient additions, and hatchery 
supplementation. 
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4.)  Make a spatially explicit landscape model.  This will require developing and parameterizing 
models in adjacent river segments, and connecting these models via the transport and movement 
of nutrients, organic matter and organisms. 
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Chapter 3.3: Salmon Subbasin Integrated Status and Effectiveness 

Monitoring Project Watershed Model – South Fork Salmon River 
 

Chris Beasley (Quantitative Consultants, Inc.), Jody White (Quantitative Consultants, Inc.), 

Chris Jordan (NOAA Fisheries), Matt Nahorniak (South Fork Research, Inc.) 

 

3.31 Introduction 

 The Integrated Status and Effectiveness Monitoring Project (BPA Project Number 2003-

017-00) was initiated to quantitatively evaluate the effectiveness of tributary habitat restoration 

actions as offsite mitigation for the Federal Columbia River Power System. As described in 

Section 2.3 of this document, we developed a watershed model to quantitatively link and 

evaluate habitat restoration with the freshwater productivity of anadromous salmonids. However, 

our ability to define fish/habitat relationships may be limited owing to: 

1. Failure to sample at spatial and temporal grains that represent fish processes. 

2. Inability to partition changes in freshwater productivity arising from habitat restoration 

from other forcing variables such as climate change, ocean conditions, anthropogenic 

habitat degradation, and hatchery practices. 

 In order to deal with these issues, watershed model development in the Lemhi River 

(Section 2) is coupled with a companion effort in the South Fork Salmon River (SFSR; Salmon 

River Subbasin, ID). The SFSR was selected for three reasons: 

1. Pre-existing fish monitoring was intensive, providing a long-time series of information 

against which alternative sampling methods could be developed and compared. 

2. Habitat restoration actions in the SFSR can be largely described as “passive”; consisting 

of changes in forest management as opposed to directed instream habitat actions. In 

essence, this provides the opportunity to assess status and trends in freshwater 

productivity and habitat in the absence of aggressive instream restoration actions, 

providing a “reference” for changes in locations with directed habitat restoration. 

3. The SFSR supports three populations of spring/summer Chinook salmon, one of which is 

un-supplemented (Secesh River), one which is deliberately supplemented (East Fork 

SFSR), and one that is supplemented in a de facto manner by a mitigation hatchery 

(mainstem SFSR). Thus the three populations of spring/summer Chinook salmon in the 

SFSR provide contrast for the extension of the ISEMP watershed model for hatchery 

affects. 

 For the purposes of this report we will focus on the development of the hatchery affects 

functionality of the ISEMP watershed model. Information on methods development and 

application of the ISEMP watershed model for habitat and fish status and trends can be found in 

Section 2.3 of this report.  

3.3.2 Model Description 

 

 As described in greater detail in Section 2.3 of this report, the ISEMP watershed model is 

a life stage specific Beverton-Holt model that views freshwater productivity as a function of 

habitat quantity and quality. Section 2.3 of this report demonstrated the application of the 
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watershed model for assessing the effectiveness of habitat restoration at increasing freshwater 

productivity. Application of that model to assess the effectiveness of habitat actions requires the 

ability to compensate for changes in management practices other than habitat restoration that 

have the potential to influence freshwater productivity. In this section, we demonstrate the ability 

of the model to link status and trends in fish habitat with status and trends in freshwater 

productivity of the Secesh River population of spring/summer Chinook salmon. Although the 

Secesh River is not deliberately supplemented, two neighboring populations are supplemented, 

and stray hatchery origin fish have been documented in Secesh River escapement (HSRG 2009). 

It stands to reason that changes in hatchery management may increase or reduce straying into the 

Secesh River. As such, in order to successfully monitor the status and trends in freshwater 

productivity as a function of habitat, it may be necessary to control for the potential effects of 

strays on the freshwater productivity of the Secesh River population. Development of the 

hatchery effects extension of the model was informed by the methods adopted by the Hatchery 

Scientific Review Group (HSRG 2009). 

 

 Many Beverton-Holt life cycle models integrate hatchery fish into the model by reducing 

survival at various life stages as a function of the density of hatchery origin fish and their 

probability of reproductively integrating into the recipient population (e.g., see Buhle et al., 

Section 9.1 of this report).  This model makes similar assumptions regarding the effects of 

hatchery produced fish, but uses a different approach to integrate hatchery effects into the life 

cycle model.  Rather than quantifying the degradation of an entire population as hatchery fish 

interact with wild fish, various genetic subpopulations are tracked independently, and user 

specified relative survival and fecundity parameters are used to model relative survival as the 

different subpopulations compete for limited capacity. 

 

 Specifically, the subpopulations modeled include: wild fish, hatchery bred fish, and all 

offspring combinations of wild and natural fish up to three generations removed from hatchery 

origin. Any fish at least three generations removed from hatchery origin is, for modeling 

purposes, considered wild.  Unique survival probability scalars by life stage, and unique 

fecundity scalars, are user defined for each of these possible genetic subpopulations.  Table 1 

illustrates the 11 possible genetic sub-populations.  Fish labeled “N” are considered natural, or 

“wild” fish; while H1 are hatchery bred fish, where “H” refers to hatchery, and “1” indicates 

“first generation”.  If an H1 breeds with another H1 in the wild, the offspring is referred to as 

“H2”, meaning pure hatchery origin and 2
nd

 generation from the hatchery.   If an H1 breeds with 

an N, the offspring are referred to as “N-H2” (note that there is no need to indicate a generation 

number tied to the “N”).  Table 1 lists all possible genetic combinations up the three generations 

from the hatchery.  Beyond any third generation hatchery element, the fish is assumed wild; thus 

an H3 becomes an “N” in the following generation, and all fish can be categorized into one of 

the eleven categories below. 

 

 Also included in the preceding table is a percent genetic makeup of natural, H1, H2, and 

H3 broodstock, as well as an indication of “average hatchery generations” (AHG) where 1 

indicates hatchery born and 0 indicates purely wild (or > 3 generations removed from any 

hatchery ancestry).  These values are not used directly in the model, but may be of interest to the 

user when specifying relative survival and fecundity parameters for various genetic subspecies. 

Specifying genetic subspecies enables integration of hatchery effects into the current model, 
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including simulations where all the additional complexities of steelhead (variable years as pre-

smolt) are included, as well as cross site migration probabilities, variable years spent as adult 

prior to spawning, etc., that many similar models simplify or ignore.  It also provides maximum 

flexibility to the user to specify relative survival probabilities by life stage / genetic subspecies 

category, as well as fecundity by genetic subspecies category; and to update and modify these 

specifications as understanding improves.  The disadvantages of modeling hatchery fish in this 

manner include putting more impetus on the user for input rather than relying on a specific 

model for genetic degradation, as well as limiting the genetic variation to only three generations 

removed from hatchery fish. 

 

 Within the model, the various genetic subspecies populations interact and compete for the 

given capacity at each life stage.  For modeling purposes, this is done on a per-life stage basis by 

first calculating a weighted average survival probability across all genetic groups (weighted by 

population density of each group), calculating the total number of surviving fish, and then 

allocating those surviving fish according to the relative survival probabilities of each group.  

Note this is nearly identical to how survival of steelhead pre-smolts of various ages is modeled, 

as described in Section 2.3, except that there is no assumed capacity usage difference among the 

different genetic categories. 

 

 When assigned on a per-subpopulation level, competing and surviving at a given life 

stage are essentially the same act, thus only a single value is specified by the user and used in 

modeling.  All user inputs in this case are merely relative survival probabilities, where values are 

relative to the survival probability of a wild fish at each life stage. 

 

 Hatchery effects are also considered when estimating fecundity.  Again, the user specifies 

fecundity effects relative to wild fish.  It is important to note that the relative fecundity is applied 

as a property of the eggs rather than the parent fish.  As a simplification, the model does not 

track individual male and female spawners, only populations of spawners and resulting 

populations of offspring.   

 

 The model also makes the simplifying assumption that, for those fish that survive to 

spawn, mate selection occurs at random, with no preferential force driving wild-wild pairings, 

hatchery-hatchery pairings, etc. 

 

 Apart from introduction, survival, and fecundity differences between wild and hatchery 

origin fish, management may specify differential harvest rates.  This can also be user specified.  

In this case, only differences between hatchery origin (first generation, H1 fish) and all other 

naturally spawning fish (whether wild or more than a generation removed from the hatchery) are 

specified, as only hatchery fish (H1) can be uniquely identified at harvest and thus managed 

separately.  This assumes no differences in the likelihood of being harvested, due to differences 

in fish behavior, across the 10 non-hatchery (H1) subspecies classifications. 
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Table 1. Description of “genetic subspecies” tracked at each life stage through the watershed 
model. *AHG is the average hatchery generations. 

  

Wild H1 H2 H3

N

Product of N-N, or any combo 

where both parents are > 3 

generations from hatchery origin N.nat 100 0

H1 Hatchery Bred H2 100 1

N.H2 Product of N and H1 N.H3 50 50 0.25

H2 Product of H1 and H1 H3 100 0.5

N-N.H3 Product of N and  N.H2 N.nat 75 25 0.0625

N-H3 Product of N and H2 N.nat 50 50 0.125

N.H3-H3 Product of N.H2 and H2 N.nat 25 75 0.1875

N.H3-H2 Product of N.H2 and H1 N.H3 25 50 25 0.3125

H3-H2 Product of H2 and H1 N.H3 50 50 0.375

H3 Product of H2 and H2 N.nat 100 0.25

N.H3-N.H3 product of N.H2 and N.H2 N.nat 50 50 0.125

Genetic Percent inheritied from  

each Subspecies

AHG*

Contributes to 

ProgenyOriginLabel
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CHAPTER 4: UPDATED LIFE CYCLE MODELS AND NEW 

POPULATIONS 
 

4.1 Life cycle matrix model to evaluate productivity and abundance 

under alternate scenarios for Interior Columbia River basin steelhead 

populations 
 

Neala Kendall (NOAA Fisheries, Northwest Fisheries Science Center), Rich Zabel 

(NOAA Fisheries, Northwest Fisheries Science Center), and Tom Cooney (NOAA 

Fisheries, Northwest Fisheries Science Center) 

 

Introduction 

Oncorhynchus mykiss support recreational and commercial fisheries along the 

west coast of North America from Alaska to California, have tremendous social and 

cultural value, and are an integral part of river and stream ecosystems (NRC 1996, 

Ruckelshaus et al. 2002). O. mykiss populations have declined along much of their range 

over the past century due to the effects of harvest, hatchery practices, dams, and habitat 

changes (Raymond 1988, Busby et al. 1996). The species displays a wide variety of life 

history strategies, including partial migration (where a portion of a common population 

migrates to the ocean while another portion matures in freshwater; Jonsson and Jonsson 

1993), that are influenced by environmental and anthropogenic factors (Gross 1987, 

Jonsson and Jonsson 1993, Thorpe et al. 1998).  

Life-cycle models can be used to better understand the life history strategies of O. 

mykiss and evaluate their population dynamics both spatially and temporally (Roff 1992). 

Specifically, with such models, parameters associated with fish characteristics, such as 

survival, growth, and fecundity, and environmental features, such as carrying capacity, 

can be modified at different life-history stages to understand how habitat modifications 

and environmental conditions will affect fish abundances and characteristics at different 

stages.  

In this document we will describe development of life-cycle models for O. mykiss 

applied to interior Columbia River basin populations. This work draws from existing 

models developed by the Interior Columbia Technical Recovery Team (ICTRT) for two 

steelhead populations (ICTRT and Zabel 2007).  

 

Life cycle matrix model to evaluate productivity and abundance under alternate 

scenarios 

Life-cycle matrix models developed by the ICTRT (ICTRT and Zabel 2007) 

evaluated anadromous O. mykiss (steelhead trout) population abundance and productivity 

under different scenarios of hydropower operation and environmental conditions. This 

model included freshwater survival, migration and ocean survival, harvest, and adult 

overwintering survival in freshwater for interior Columbia River populations and thus 

fills gaps in the search for a more complete understanding of O. mykiss population 

dynamics. However, this model did not directly incorporate resident O. mykiss (rainbow 

trout) and their potential spawning contribution to the anadromous population. Any 

contributions (or reductions) due to interactions with a resident fish component should be 

reflected in the overall spawner-to-spawner estimates used to derive the models.  
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This ICTRT modeling approach translated life-stage-specific survival changes 

into metrics of population abundance, productivity, and viability (ICTRT and Zabel 

2007). It also considered potential effects of density dependence in freshwater when 

incorporating changes in survival. The approach considered alternative scenarios, such as 

those related to alternative hydropower system survivals and early marine survival, in 

predicting population trajectories. The model evaluated the effect of improving survival 

through the hydropower system from the baseline period (1980-2001) to a more recent 

period (2001-2006) and to even higher levels estimated in the prior BiOp remand process 

using the COMPASS model (COMPASS 2007).  

The model also considered a range of scenarios that consisted of favorable and 

unfavorable conditions affecting downstream and ocean survival, corresponding to three 

environmental regimes. The first was over the entire historical record for which data were 

available (1946-2006). This included an approximately equal number of favorable and 

unfavorable years, as assessed by Pacific Decadal Oscillation (PDO) indices. The second 

time period coincided with a “warm” phase of the PDO when conditions were generally 

unfavorable (1977-1997). The third period was equivalent to the baseline period (1980-

2006), over which the ICTRT had conducted status assessments for interior salmonid 

populations (ICTRT 2007), and was used to calibrate results to the then-current status.  

Here, we updated the 2007 ICTRT steelhead trout life-cycle matrix model for the 

two populations originally assessed (Umatilla and Rapid rivers) and modeled six 

additional populations. We also analyzed additional scenarios to show the flexibility and 

capability of the modeling approach and its potential to explore additional scenarios. In 

the following section we describe this model and the scenarios assessed. Following that 

we present results from this model because, unlike for the models by Courter et al. (2009, 

2010) and Satterthwaite et al. (2009, 2010), the results are not presented elsewhere.  

 

Methods 
Stochastic, density-dependent Leslie matrix age-structured population models for 

eight steelhead populations in multiple Evolutionarily Significant Units (ESUs) of the 

interior Columbia River were constructed by modifying the general structure of an ESU-

level model developed by Zabel et al. (2006) for Snake River spring/summer Chinook. 

These populations included Umatilla River (Middle Columbia River Steelhead ESU) and 

Rapid River (Snake River Steelhead ESU), which were included in the 2007 ICTRT 

document (ICTRT and Zabel 2007). Models were parameterized for six additional 

populations including Big Bear Creek of the Potlatch River and Catherine Creek (Snake 

River Steelhead ESU) along with Satus Creek, Toppenish Creek, Naches River, and 

upper Yakima River of the Yakima River basin (Middle Columbia River Steelhead ESU). 

Most are located at lower elevations; fewer data are available from higher-elevation 

populations. In the future, we will work to gather sufficient data to model additional 

higher-elevation populations to understand the range of responses by Columbia River 

basin steelhead populations. The models were used to predict population abundance and 

viability under multiple scenarios.  

As an overview, the stochastic life-cycle model was expressed as: 

 

n(t + 1) = A(t) ·  n(t)  
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where the vector n(t) represented the number of individuals in the population at the end 

of time step t by age and A(t) was a stochastic population projection matrix (Caswell 

2000) that varies at each time step. The details of the matrix were determined by life-

history patterns specific to the population. A(t) and n(t) are described further in the 

ICTRT report (ICTRT and Zabel 2007).  

Steelhead exhibit multiple smolt ages and a freshwater overwintering period prior 

to spawning. Thus, their matrix covers three distinct life stages: juveniles in freshwater 

(ages 1-4), ocean residence, and freshwater overwintering (where prespawning mortality 

occurs) of adults. Spawning occurs in spring so the age classes are delineated from spring 

to spring. Age classes were enumerated at the end of a year.  

Population-specific model parameters (Table 4.1.1) were estimated based on 

available historical data. The primary data underlying the models were population-

specific spawner counts and their age structure, which provided the basis for annual 

estimates of productivity, and temporal trends in abundance and variability. Additional 

data such as smolt counts and age composition and smolt-to-adult return rates (SARs) 

allowed the models to be partitioned into two major components: spawner-to-smolt 

survival and smolt-to-adult survival. Survival within each component was partitioned 

further as available data allowed.  

For the Rapid River (brood years 1978-1996), Satus Creek (1985-2007), 

Toppenish Creek (1985-2007), Naches River (1985-2007), and upper Yakima River 

(1985-2007) populations, smolt counts were not available and so we estimated their 

abundances by back calculating smolts from adult recruits and SARs (see ICTRT and 

Zabel 2007 for details). For Umatilla River steelhead, estimates of spawners and smolts 

in brood years 1993-2004 were obtained directly from counts at Three Mile Dam in the 

lower Umatilla River (R. Carmichael, ODFW, pers. comm.). Annual Catherine Creek 

(2002-2003, 2005-2008; R. Carmichael, ODFW, pers. comm.) and Potlatch River (2005-

2009; B. Bowersox, IDFW, pers. comm.) spawner and smolt counts were also obtained 

directly. With these brood year-specific estimates of spawners and smolts, we developed 

a Beverton-Holt (B-H) relationship (fitting parameters using the nls package in R; R Core 

Development Team 2011) for each population, following Zabel et al. (2006), to 

incorporate density-dependence in the spawner-to-smolt stage. This equation relates the 

number of smolts of a given cohort (across ages; Rc) as a function of spawners giving rise 

to that cohort (Sc).  

 

Equation 4.1.1   
c

c

c
Sb

Sa
R

⋅+

⋅
=

1
 

The parameter a is maximum productivity [recruits per spawner] at low 

abundance, b is the density-dependent parameter, and a/b is the maximum asymptotic 

recruitment. Umatilla and Rapid rivers B-H estimates of a and b parameters included here 

were from the original 2007 ICTRT matrix model (ICTRT and Zabel 2007). For these 

two populations, the B-H function included a Box-Cox transformation to account for the 

heteroscedasticity in the data (the ��
� and ϕ

�
parameters; see Zabel et al. 2006 for details, 

ICTRT and Zabel 2007). For the other six steelhead populations, sufficient data are not 

available to estimate the parameters for this transformation, and so a simpler function was 

used to estimate juvenile survival.  
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Other model inputs included juvenile and adult migration survival, estuarine and 

early-ocean survival, adult later ocean survival, and in-river harvest rates. Model inputs 

and parameters are given in Table 4.1.1 and defined in detail in the ICTRT report 

(ICTRT and Zabel 2007). 
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Table 4.1.1. Baseline scenario parameter inputs for the interior Columbia River basin 

steelhead trout matrix model for the eight populations modeled.  

Parameter 
Umatilla 

River 

Satus 

Creek 

Toppenish 

Creek 

Naches 

Creek 

Upper 

Yakima 

River 

Catherine 

Creek 

Potlatch 

River 

(Big Bear 

Creek) 

Rapid 

River 

Spawner-to-smolt 

B-H a 
200 232.8 200 200 242.76 200 235.88 299.6 

Spawner-to-smolt 

B-H b 
0.00402 0.0077 0.0105 0.0058 0.041 0.0077 0.0226 0.101 

σ2
1 0.0165 --- --- --- --- --- --- 0.3063 

ϕ (variance term) 2.00 --- --- --- --- --- --- 0.00 

Hydrosystem 

corridor survival 

 

Variable Variable Variable Variable Variable Variable Variable Variable 

Downstream/ 

estuarine and 

early ocean 

survival (so1) 

 

Variable Variable Variable Variable Variable Variable Variable Variable 

Later ocean 

survival 

 

0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Propensity to 

spawn after 1 year 

in ocean 

 

0.57 0.245 0.103 0.103 0.103 0.546 0.13 0.404 

In-river harvest 

rate 

 

0.031 0.041 0.041 0.041 0.041 0.07 0.07 0.07 

Bonneville-to-

basin survival rate 

 

0.876 0.936 0.936 0.936 0.936 0.798 0.769 0.777 

Adult 

prespawning/ 

overwintering 

mortality 

 

0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Initial abundance 

of spawners (mean 

of most recent 5 

years of wild fish) 

256 1420 554 1258 230 190 127 99 
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Modeled Scenarios 

Changes in the hydropower corridor survival rates included in the life-cycle 

models for Middle Columbia River Steelhead ESU populations included: 1) the average 

hydropower parameters observed through the current status assessment time period; 2) a 

6% decrease in that survival; and 3) an 11% increase. For the Snake River Steelhead ESU 

populations, changes in the hydropower corridor survival were associated with 

differences in the percent of transported fish. Specifically, across all years with data 

(‘historical’ range) 89% of fish were transported, whereas in the more recent years 

(‘current’) that value has dropped by 6%. Population-specific hydropower scenario 

survival rates are given in Table 6 of the ICTRT report (ICTRT and Zabel 2007) and 

listed in Table 4.1.2.  

Because Pacific salmon population dynamics appear to be driven to a large extent 

by ocean climate conditions (Mantua et al. 1997), we varied the environmental time 

series used in the model runs (introducing stochasticity) and simulated three scenarios 

characterizing downstream/estuarine and early ocean survival (so1): 1) the environmental 

time series that applied to the current status assessments (1980-2006); 2) conditions 

equivalent to those seen over the entire historical time period (earliest data beginning in 

1946-2006); and 3) “warm PDO” conditions consisting of only values seen during 1977-

1997, a period of below-average early ocean survival and higher-than-average PDO 

values. Specifically, we developed a relationship between estuarine and early ocean 

survival, characterized by modified smolt-to-adult survival values for Snake River 

steelhead (which was applied to all populations in this ESU), Umatilla River steelhead, 

Yakima River steelhead (which was applied to the four populations in this basin), and 

freshwater and marine environmental indicators using stepwise multiple regressions and 

selecting among models based on AICc, BIC, and model weight (see section 7.2, this 

report). These scenarios are listed in Table 4.1.2 

Other scenarios we modeled (Table 4.1.2) included changes in harvest rates, 

freshwater habitat changes (freshwater juvenile survival and adult 

prespawning/overwintering mortality grouped together because they would both be 

influenced by freshwater habitat conditions), later ocean survival, and upstream migration 

survival. We increased and decreased the baseline harvest rates for each population by 

5% in different scenarios. Functional relationships between freshwater habitat alterations 

and specific changes in steelhead juvenile survival and adult prespawning/overwintering 

mortality rates were not available for any population at this time. Here we increased and 

decreased juvenile survival values by 10% for the different scenarios. The relationship 

between freshwater habitat alterations and changes in juvenile steelhead survival and 

adult prespawning/overwintering mortality is an active area of research and development. 

Thus, as model development continues, these perturbations will be replaced with these 

functional relationships between freshwater habitat characteristics and in-basin survival 

estimates. Additionally, because so little is known of salmonid survival in the ocean 

(Ricker 1976), we also increased and decreased by 10% the baseline later ocean survival 

rate (for the years after the first ocean year; 80% annually) in the different scenarios. 

Finally, upstream migration survival for each population was increased and decreased by 

10% to evaluate changes in population dynamics and viability.  
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Table 4.1.2. Scenarios and parameter perturbations considered. 

 Scenario/perturbation 

Stage Decrement Increment 

Adult prespawning/overwintering 

mortality and �� survival 

-10% +10% 

Hydrosystem (��) survival—    

Mid-Columbia ESU 

-6% +11% 

Hydrosystem (��) survival—   

Snake River ESU 

-6% transported fish -- 

Downstream/estuarine and early 

ocean survival (so1)
3
 

“Bad" ocean conditions  

(“bad” years, stochastic) 

Historical ocean conditions  

(all years, stochastic) 

Later ocean survival -10% +10% 

Harvest rate +5% -5% 
3
An additional climate scenario not shown above was “recent,” which consisted of so1 

calculated with ocean conditions representative of the last 25 years 

 

Each model simulation was started with the population-specific geometric mean 

number of spawners and their age structure seen in the most recently-available 5-10 years 

of data. We ran the model 1,000 times (each time producing a single trajectory) per 

scenario for 25, 50, and 100 years. The response variables used to assess population 

status in each model runs, including geometric mean (“geomean”) and median spawner 

abundance and probability of quasi-extinction (probability that the population fell below 

an average of 50 spawners per year over a four year period during the simulation) are 

listed and described in the ICTRT report (ICTRT and Zabel 2007) and section 1 of this 

report.  

We also estimated additional metrics of population performance and dynamics that 

characterized the general spawner-recruit relationship of a population for a particular 

scenario based on the Beverton-Holt relationship (Equation 4.1.1). These metrics were 

originally developed for interior Columbia River basin spring/summer Chinook 

populations. We estimated: 

1) a metric characterizing population abundance: the function’s asymptotic level of 

recruits, K, which is the equilibrium population abundance where R = S. This is 

derived as (a – 1)/b; and 

2) a metric characterizing variability: sigma is the variance of the data points about 

the fitted relationship. 

These metrics, along with initial abundance, are likely to largely determine the 

probability of quasi extinction for a population under a specified scenario.  

To estimate these parameters, we first produced spawner and recruit data from 

model simulations for a given population and a particular scenario. We ran ten iterations 

over 100 years and then combined all the data together, and then fit a Beverton-Holt 

relationship to them (Equation 4.1.1). We took the natural logarithm of recruits because 

the data were skewed and this reduced the influence of very large values. Due to the lack 

of contrast in the number of spawners for a given population, especially at lower 

densities, and thus the ability to predict the number of smolts given a range of spawners, 

a larger amount of uncertainty is present in estimating these population performance and 

dynamics metrics. 
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Results and discussion 
We updated the life-cycle models previously developed for the Umatilla River 

and Rapid River populations (ICTRT and Zabel 2007), extending the data series with 

seven recent years. We also successfully developed functioning models for six additional 

interior Columbia basin steelhead trout populations. For each population, we varied 

mortality rates at multiple stages of the life cycle to estimate resulting trends in 

population abundance and extinction probability over multiple time frames (25, 50, and 

100 years). The results presented here are preliminary and are subject to change. These 

results show the potential range of the magnitude of changes in interior Columbia O. 

mykiss populations’ abundance and viability as predicted by this life-cycle model.  

Under current conditions for all scenarios (current hydropower corridor survival, 

current downstream/estuarine and early ocean survival (so1), current harvest rates, current 

freshwater juvenile survival and adult prespawning/overwinter mortality, current later 

ocean survival, and current upstream migration survival; see Table 4.1.2), the geometric 

mean number of spawners in upper Yakima River was predicted at years 25, 50, and 100 

to be the lowest across populations, followed by Potlatch River, whereas that of Umatilla 

River was the highest (Table 4.1.3). Of note, mean and median number of spawners was 

projected by the model to decrease over time for all Yakima River basin populations, 

some dramatically. Future analyses will examine these trends in greater detail. In 

concordance with these abundance trends, the extinction probability increased steadily 

for the 25, 50, and 100 year runs. The Umatilla River population abundances were also 

projected to decrease from their recent mean population abundance over the next 100 

years. The population sizes of Potlatch River, Catherine Creek, and Rapid River, on the 

other hand, were projected to increase over the 100-year run.  

Also under current conditions, the quasi-extinction probability was the lowest for 

Catherine Creek and Umatilla River and greatest for upper Yakima and Potlatch rivers 

(Table 4.1.3). Quasi-extinction probability for the other three Yakima River basin 

populations were small (< 0.05) in the 100-year time frame. Extinction probabilities 

generally increased over the time frames examined because of the general pattern of 

population abundance declines over time. It is important to recognize that the definition 

of quasi extinction threshold as 50 spawners per year over four consecutive years was 

intended to be applied to populations where all fish are included in the model. Some of 

the populations assessed here (e.g., Potlatch Creek, Catherine Creek, Rapid River) 

represent only a subunit of the fish within their population. For these populations, the 

potential for falling below this threshold doesn’t necessarily represent the same impact as 

it would for a population where all fish are represented in the model. In addition, the 

recent 10-year average spawning count is close to 50 for some of the populations 

modeled, so these populations are more likely to have a greater extinction probability by 

default. This suggests that the model results are sensitive to the starting values. 
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Table 4.1.3. Steelhead population abundance values and extinction probabilities projected 25, 50, and 100 years into the future by the 

life-cycle matrix model under the scenario of current condition. 
  Recent 10-year 

mean spawner 

count 

Spawners Recruits/spawner 
Extinction 

probability Population ESU Years out 
Mean geometric 

mean 

SD geometric 

mean 

Mean 

median 

SD mean 

median 
Mean SD 

Upper Yakima River Mid-Columbia 221 25 74 16 57 18.2 0.64 0.09 0.89 

   
50 61 11 45 10.3 0.76 0.06 0.996 

   
100 56 7.6 40 6.6 0.82 0.03 1 

Toppenish Creek Mid-Columbia 655 25 306 68.6 258 74.9 0.74 0.12 0.01 

   
50 279 52.5 216 48.2 0.81 0.06 0.01 

   
100 260 34.6 197 31.1 0.84 0.04 0.03 

Satus Creek Mid-Columbia 1183 25 496 114.1 384 120.2 0.62 0.09 0.00 

   
50 424 77.1 321 71.4 0.72 0.06 0.00 

   
100 390 50.7 293 49.1 0.77 0.03 0.00 

Naches River Mid-Columbia 1175 25 429 103.4 343 122.3 0.63 0.10 0.00 

   
50 351 69.2 257 64.8 0.76 0.06 0.01 

   
100 317 46.7 226 41.6 0.81 0.03 0.02 

Potlatch River Snake River 144 25 98 16 101 15.6 1.03 0.13 0.27 

   
50 102 12.8 103 12.3 0.97 0.06 0.43 

   
100 104 9.8 105 9.3 0.96 0.03 0.68 

Catherine Creek Snake River 190 25 333 50.9 331 66.4 1.11 0.13 0 

   
50 363 39.2 365 48.3 1.00 0.06 0 

   
100 378 29.1 381 35 0.96 0.03 0 

Umatilla River Mid-Columbia 3322 25 1863 320.3 1937 400.6 0.77 0.11 0 

   
50 1702 219.1 1746 257.7 0.83 0.05 0 

   
100 1635 145.7 1671 176.1 0.87 0.03 0 

Rapid River Snake River 63 25 206 32.3 59 12.5 1.06 0.17 0.00 

   
50 216 23.2 55 8.7 0.97 0.07 0.005 

  
 

100 222 17.3 53 6 0.94 0.03 0.006 
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Effects of the different scenarios were sometimes in different directions or of 

varying magnitudes for different populations. In particular, the quasi-extinction 

probability changed more for the Potlatch River population than other populations for the 

hydro, habitat, ocean survival, and upriver survival changes scenarios, compared to the 

current-conditions scenario (Table 4.1.4). The extinction probabilities of Toppenish 

Creek and Naches River steelhead were also more sensitive than other populations to 

various scenarios. Of all the scenarios, changes in habitat, and specifically survival 

decreases, also resulted in the greatest changes in quasi-extinction probability. In 

addition, there were significant interactions among the responses to many scenarios.  

Across steelhead populations, changes in habitat (acting through juvenile and 

overwintering survival) and upriver survival resulted in the largest differences in mean 

geometric mean and median spawners over time from the current-condition scenarios 

(Table 4.1.5; Figures 4.1.3). Climate conditions scenarios (affecting downstream/ 

estuarine and early ocean survival) also resulted in large changes in geometric mean and 

median spawners and other population metrics. Specifically, Catherine Creek, Potlatch 

River, and Rapid River in particular were sensitive to changes in downstream/ estuarine 

and early ocean survival. The ‘historic’ scenario was associated with much larger mean 

numbers of spawners than the ‘bad’ or ‘recent’ climate scenarios. Changes in climate 

scenarios affecting this survival did not result in large changes for the other populations, 

though. In fact, the ‘bad’ climate scenario actually resulted in slight higher population 

abundance values than the ‘recent’ scenario for the Umatilla River steelhead. Finally, 

changes in harvest rates resulted in only small changes in geometric mean spawner 

abundances and thus extinction probabilities across populations.  

A tabulation of population-specific response metrics from our analyses to the 

climate, upriver survival or hydropower corridor survival, and habitat change (acting on 

freshwater survival and overwintering/prespawning survival) scenarios are presented in 

Tables 4.1.6. Under the parameters and model structure we used, all of the scenarios 

tested and the time frames over which the scenarios were evaluated affected population 

intrinsic productivity and extinction probability. The metrics of population performance 

and dynamics that influence the probability of quasi extinction for a population under a 

specified scenario are also presented for each population and certain scenarios in Tables 

4.1.6. Carrying capacity values were highest for the Umatilla River population and lowest 

for the upper Yakima River population (which also had high sigma values).   
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Table 4.1.4. Changes in extinction probabilities projected 25, 50, and 100 years into the future by the life-cycle matrix model for each 

scenario compared to the current-condition scenario (positive values show that alternative scenario extinction probability > current 

scenario extinction probability).  

Population ESU 
Years 

out 

Climate 

bad 

conditions 

Climate 

historical 

conditions 

Hydro 

decreased 

survival/ 

increased 

transport rate 

Hydro 

increased 

survival 

Harvest 

rate        

-5% 

Harvest 

rate 

+5% 

Habitat 

change       

-10% 

Habitat 

change 

+10% 

Ocean 

survival 

-10% 

Ocean 

survival 

+10% 

Upriver 

survival 

-10% 

Upriver 

survival 

+10% 

Upper 

Yakima 

River 

Mid-

Columbia 
25 -0.01 -0.02 0.02 0.00 0.01 -0.01 -0.02 -0.08 -0.01 -0.02 -0.01 -0.03 

50 0 0 0 0 0 0 0 0.00 0 0.00 0 0.00 

 100 0 0 0 0 0 0 0 0 0 0 0 0 

Toppenish 

Creek 

 

Mid-

Columbia 
25 -0.05 0.00 -0.02 0.00 0.01 0.00 -0.07 -0.02 -0.01 -0.02 -0.03 -0.02 

50 -0.13 0.01 0.01 -0.01 0.01 -0.01 -0.21 -0.07 -0.06 -0.05 -0.08 -0.05 

  100 -0.28 0.02 0.00 0.02 0.00 0.04 -0.40 -0.13 -0.12 -0.05 -0.19 -0.07 

Satus 

Creek 

Mid-

Columbia 
25 -0.01 0 0 0 0.00 0.00 -0.02 0.00 0.00 0.00 0.00 0.00 

50 -0.03 0.01 0.00 0.01 -0.01 0.01 -0.07 -0.01 -0.01 0.00 -0.02 -0.01 

  100 -0.08 0.01 -0.01 0.01 -0.01 0.00 -0.13 -0.02 -0.03 -0.01 -0.04 -0.01 

Naches 

River 

Mid-

Columbia 
25 -0.04 0.00 -0.01 0.01 0.00 0.01 -0.05 -0.01 -0.02 0.00 -0.02 -0.01 

50 -0.13 0 0 0.00 0.00 -0.01 -0.18 -0.05 -0.05 -0.03 -0.05 -0.04 

  100 -0.25 0.01 -0.02 0.00 0.00 -0.01 -0.43 -0.10 -0.09 -0.06 -0.16 -0.07 

Umatilla 

River 

Mid-

Columbia 
25 0 0 0 0 0 0 0 0 0 0 0 0 

50 0 0 0 0 0 0 0 0 0 0 0 0 

  100 0 0 0 0 0 0 0 0 0 0 0 0 

Potlatch 

River 

Snake 

River 
25 -0.02 -0.08 0.03  -0.01 0.02 -0.38 -0.18 -0.16 -0.09 -0.21 -0.14 

50 0.00 -0.17 0.09  0.03 -0.02 -0.43 -0.33 -0.17 -0.19 -0.24 -0.23 

  100 -0.03 -0.17 0.13  0.01 0.03 -0.34 -0.46 -0.20 -0.23 -0.27 -0.26 

Catherine 

Creek 

Snake 

River 
25 0 0 0  0 0 0 0 0 0 0 0 

50 0 0 0  0 0 0 0 0 0 0 0 

  100 0 0 0  0 0 0 0 0 0 0 0 

Rapid 

River 

Snake 

River 
25 0 -0.17 0.02  0.01 -0.01 -0.02 -0.10 -0.01 -0.02 -0.01 -0.04 

50 0.00 -0.01 0.00  0 0 0 -0.01 0 0.00 0 0.00 

  
100 0 0 0  0 0 0 0 0 0 0 0 
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Table 4.1.5. Percent changes in the median number of spawners projected 25, 50, and 100 years into the future by the life-cycle 

matrix model for each scenario compared to the current-condition scenario (positive values show that alternative scenario median 

spawners > current scenario median spawners). 

Population ESU 
Years 

out 

Climate 

bad 

conditions 

Climate 

historical 

conditions 

Hydro 

decreased 

survival/ 

increased 

transport rate 

Hydro 

increased 

survival 

Harvest 

rate        

-5% 

Harvest 

rate 

+5% 

Habitat 

change       

-10% 

Habitat 

change 

+10% 

Ocean 

survival 

-10% 

Ocean 

survival 

+10% 

Upriver 

survival 

-10% 

Upriver 

survival 

+10% 

Upper 

Yakima 

River 

Mid-

Columbia 
25 -0.19 0.03 0.02 0.01 0.01 0.02 -0.22 0.27 -0.09 0.11 -0.13 0.15 

50 -0.24 0.00 -0.02 0.00 0.00 -0.01 -0.29 0.31 -0.12 0.12 -0.16 0.14 

 100 -0.25 0.00 0.00 -0.01 -0.01 0.01 -0.31 0.33 -0.13 0.13 -0.16 0.16 

Toppenish 

Creek 

 

Mid-

Columbia 
25 -0.19 0.03 0.00 0.01 0.00 0.01 -0.23 0.26 -0.10 0.11 -0.11 0.14 

50 -0.23 -0.01 0.01 0.00 0.01 -0.02 -0.26 0.30 -0.12 0.12 -0.14 0.15 

  100 -0.23 0.00 0.00 0.01 0.01 0.00 -0.27 0.31 -0.12 0.12 -0.15 0.15 

Satus 

Creek 

Mid-

Columbia 
25 -0.19 0.01 0.02 0.01 0.03 0.02 -0.23 0.29 -0.06 0.10 -0.11 0.17 

50 -0.21 -0.01 -0.01 0.00 0.00 -0.01 -0.27 0.30 -0.10 0.09 -0.14 0.12 

  100 -0.23 0.00 -0.01 -0.01 0.00 0.00 -0.28 0.30 -0.10 0.09 -0.14 0.14 

Naches 

River 

Mid-

Columbia 
25 -0.23 0.00 -0.02 0.00 -0.03 -0.01 -0.26 0.26 -0.15 0.08 -0.15 0.13 

50 -0.25 -0.01 0.00 0.00 -0.01 -0.01 -0.30 0.34 -0.13 0.12 -0.16 0.17 

  100 -0.27 0.00 -0.01 -0.01 0.00 -0.02 -0.33 0.36 -0.14 0.13 -0.17 0.17 

Umatilla 

River 

Mid-

Columbia 
25 0.01 0.47 0.03 -0.08 0.00 -0.01 -0.21 0.19 -0.09 0.08 -0.12 0.12 

50 0.01 0.40 0.04 -0.11 0.01 0.00 -0.24 0.23 -0.10 0.10 -0.13 0.13 

  100 0.01 0.47 0.04 -0.12 0.00 0.00 -0.25 0.26 -0.11 0.09 -0.14 0.13 

Potlatch 

River 

Snake 

River 
25 0.01 0.62 0.06 -0.10 0.01 0.00 -0.22 0.27 -0.05 0.05 -0.12 0.14 

50 0.00 0.44 0.04 -0.11 0.00 -0.01 -0.25 0.27 -0.06 0.05 -0.13 0.13 

  100 0.00 0.46 0.04 -0.12 0.01 0.00 -0.25 0.28 -0.06 0.05 -0.14 0.13 

Catherine 

Creek 

Snake 

River 
25 0.09 0.09 -0.06 0.10 0.00 -0.03 -0.21 0.20 -0.05 0.04 -0.12 0.10 

50 0.11 0.10 -0.07 0.12 0.00 0.00 -0.22 0.23 -0.06 0.04 -0.11 0.11 

  100 0.10 0.11 -0.06 0.13 0.00 -0.01 -0.22 0.24 -0.05 0.04 -0.12 0.10 

Rapid 

River 

Snake 

River 
25 0.00 0.45 0.06 -0.08 0.01 0.00 -0.18 0.22 -0.04 0.07 -0.11 0.12 

50 0.02 0.44 0.05 -0.09 0.02 0.00 -0.21 0.26 -0.06 0.07 -0.11 0.12 

  
100 0.01 0.46 0.04 -0.10 0.01 0.00 -0.22 0.26 -0.06 0.07 -0.11 0.13 
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Table 4.1.6. Middle Columbia River Steelhead ESU populations—Umatilla River, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 1741.4 157.6 1787.1 190 0.871 0.032 0 1095 0.83 

10% 2129.4 183.9 2190.6 226.6 0.882 0.032 0 1139 0.81 

-10% 1364.7 128.2 1394.6 152.9 0.861 0.032 0 1380 0.79 

Hydro increased 

survival 

Current 1951.4 176.6 2004 214.8 0.876 0.031 0 1805 0.80 

10% 2384.8 203.3 2456 250.9 0.887 0.032 0 2037 0.77 

-10% 1538.2 144.9 1571.9 175.4 0.865 0.032 0 1327 0.79 

Hydro decreased 

survival 

Current 1626.2 147.1 1665.7 182.4 0.869 0.033 0 1410 0.81 

10% 1997.2 170.6 2049.3 210.7 0.88 0.033 0 1746 0.82 

-10% 1275.8 121.4 1298.1 147 0.858 0.033 0 1058 0.84 

Recent 

Current 

Current 1634.8 145.7 1668.3 182.6 0.866 0.028 0 932 0.85 

10% 2009.1 165.8 2055.2 209.3 0.877 0.028 0 1143 0.81 

-10% 1284 125.9 1298.4 150.6 0.855 0.029 0 1200 0.84 

Hydro increased 

survival 

Current 1826.4 154.9 1861 189.7 0.873 0.028 0 1649 0.80 

10% 2254.9 190.3 2315 232.4 0.882 0.027 0 2019 0.79 

-10% 1448.5 143.4 1469 168.6 0.861 0.029 0 1258 0.79 

Hydro decreased 

survival 

Current 1537.2 140.7 1565.6 167.4 0.864 0.029 0 1312 0.78 

10% 1898.5 165.8 1941.2 206.3 0.876 0.029 0 1647 0.80 

-10% 1203.4 116.5 1214.6 139 0.852 0.029 0 1046 0.84 

Historical 

Current 

Current 1787.6 161.8 1833.4 191.1 0.873 0.029 0 1031 0.81 

10% 2192.9 186.4 2255.1 225.3 0.882 0.03 0 1265 0.82 

-10% 1418.5 130.6 1444.6 158 0.86 0.03 0 1398 0.82 

Hydro increased 

survival 

Current 2009.3 180.6 2065.8 213.8 0.879 0.029 0 1765 0.80 

10% 2462 214.7 2536.4 263.4 0.887 0.029 0 2186 0.78 

-10% 1595.9 148 1627.7 182.3 0.867 0.03 0 1341 0.80 

Hydro decreased 

survival 

Current 1679.1 145.1 1718.8 177.2 0.87 0.029 0 1508 0.78 

10% 2073 185.8 2133.4 232.2 0.878 0.028 0 1759 0.81 

-10% 1318.9 121.5 1339.3 146.8 0.856 0.028 0 1137 0.83 
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Middle Columbia River Steelhead ESU populations—Satus Creek of the Yakima River basin, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 288.5 42.8 281.3 47.2 0.76 0.034 0.026 123 1.10 

10% 374.1 51.7 368 58.7 0.772 0.032 0.003 159 1.11 

-10% 208.1 33.6 201.7 36.7 0.75 0.033 0.126 187 1.06 

Hydro increased 

survival 

Current 332.9 46.5 328.2 52.5 0.769 0.034 0.004 247 1.06 

10% 426.2 57.6 420.1 63.9 0.777 0.034 0 328 1.05 

-10% 245.4 37.9 239.4 42.1 0.755 0.033 0.06 181 1.04 

Hydro decreased 

survival 

Current 261.2 38 254.6 41.5 0.758 0.033 0.029 187 1.05 

10% 346.7 47.3 341.4 54.1 0.769 0.032 0.005 261 1.01 

-10% 188.1 31.5 181.6 33.5 0.744 0.033 0.234 143 1.04 

Recent 

Current 

Current 389.6 50.7 384.9 57.5 0.77 0.034 0 189 1.03 

10% 501.1 65.8 497.9 75.6 0.781 0.034 0 212 1.07 

-10% 294.3 43 289.5 47.3 0.76 0.035 0.017 234 1.07 

Hydro increased 

survival 

Current 447.9 59.2 444.6 68 0.776 0.035 0 355 1.04 

10% 570.7 70 570 83.2 0.785 0.034 0 440 1.06 

-10% 338 46 332.5 51.1 0.767 0.035 0.008 250 1.07 

Hydro decreased 

survival 

Current 362.5 48.7 356.4 53.4 0.768 0.036 0.002 287 1.06 

10% 461 59.4 454.8 67.4 0.778 0.034 0.001 389 1.07 

-10% 266.5 38.2 260.7 41.9 0.755 0.034 0.054 202 1.10 

Historical 

Current 

Current 394.3 53.9 389.5 61.2 0.77 0.036 0.002 179 1.13 

10% 500.3 62.6 499.4 72.9 0.779 0.035 0 215 1.06 

-10% 295.2 42.7 290.2 47.7 0.757 0.035 0.027 268 1.06 

Hydro increased 

survival 

Current 447.9 57.1 444 64.1 0.777 0.035 0 345 1.04 

10% 569.1 68.9 567.1 79.6 0.783 0.036 0 444 1.04 

-10% 338.5 47.3 332.6 52.4 0.764 0.036 0.009 277 1.11 

Hydro decreased 

survival 

Current 360.1 48.3 354.5 54.3 0.768 0.035 0.002 272 1.04 

10% 460.6 56.1 456.7 65.5 0.778 0.035 0.003 378 1.07 

-10% 271.7 39.1 266.7 43.8 0.754 0.037 0.045 198 1.06 
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Middle Columbia River Steelhead ESU populations—Toppenish Creek of the Yakima River basin, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 188.8 27.9 187.6 30.9 0.832 0.033 0.168 98 1.13 

10% 249.3 32.6 248.3 36.8 0.844 0.034 0.032 113 1.12 

-10% 137.6 22.6 135.6 24.9 0.815 0.036 0.577 132 1.06 

Hydro increased 

survival 

Current 220 31.3 219.2 35.8 0.84 0.033 0.063 178 1.03 

10% 287.6 39.3 287.6 44 0.851 0.035 0.014 264 1.08 

-10% 162.1 26.5 160.4 28.4 0.823 0.035 0.345 128 1.12 

Hydro decreased 

survival 

Current 172.7 27.4 171.3 29.9 0.827 0.036 0.24 147 1.10 

10% 227.6 32.9 226 36.8 0.839 0.033 0.06 184 1.07 

-10% 123.6 21.3 121.8 23.2 0.808 0.036 0.693 100 1.13 

Recent 

Current 

Current 260 34.6 260.8 39.5 0.842 0.036 0.025 147 1.15 

10% 336.5 43.7 338.7 50.3 0.854 0.036 0.006 156 1.08 

-10% 193.1 27.1 193 30.4 0.828 0.036 0.181 190 1.11 

Hydro increased 

survival 

Current 301.5 40.1 303.2 45.1 0.851 0.035 0.016 254 1.07 

10% 384.9 50.3 387.1 55.1 0.859 0.035 0.001 317 1.06 

-10% 225.9 32.2 225.6 36.2 0.838 0.036 0.088 170 1.09 

Hydro decreased 

survival 

Current 238.9 33.6 238.5 38 0.838 0.035 0.044 202 1.09 

10% 309 39.6 311 45 0.85 0.035 0.009 240 1.12 

-10% 178.2 27.2 177.4 29.6 0.826 0.036 0.254 145 1.14 

Historical 

Current 

Current 261 35.2 261.8 40 0.845 0.036 0.03 132 1.14 

10% 335.4 43.6 337.1 47.9 0.853 0.035 0 167 1.08 

-10% 195.4 28.8 194.3 32.3 0.829 0.036 0.161 180 1.04 

Hydro increased 

survival 

Current 299.8 39.2 300.9 44.6 0.849 0.034 0.011 245 1.08 

10% 384.9 48.2 388.8 54.3 0.861 0.034 0.002 343 1.07 

-10% 224.8 32.6 226 37.7 0.836 0.035 0.078 200 1.08 

Hydro decreased 

survival 

Current 241 34.3 241 38.4 0.839 0.036 0.055 201 1.08 

10% 310.8 40.5 312.8 46.5 0.85 0.035 0.011 287 1.09 

-10% 176.6 25.5 175.8 28.7 0.823 0.036 0.277 156 1.09 
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Middle Columbia River Steelhead ESU populations—Naches Creek of the Yakima River basin, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 222 38 216.1 40.1 0.799 0.033 0.115 100 1.12 

10% 299.9 45.2 293.7 50.2 0.814 0.033 0.014 126 1.09 

-10% 149.1 29.8 143.1 31.1 0.776 0.034 0.546 155 1.11 

Hydro increased 

survival 

Current 263.1 41.3 256.4 44.3 0.808 0.033 0.042 225 1.06 

10% 354.3 49.4 348 54.8 0.824 0.034 0.002 300 1.04 

-10% 184.2 34 178.2 36.1 0.788 0.033 0.306 162 1.11 

Hydro decreased 

survival 

Current 196.8 37.4 190.7 40.2 0.793 0.034 0.197 166 1.03 

10% 273.6 43.1 266.5 46.8 0.809 0.033 0.035 253 1.01 

-10% 132.1 29.2 127.2 30.5 0.769 0.035 0.695 103 1.17 

Recent 

Current 

Current 317.2 46.7 311.9 52.4 0.814 0.034 0.015 168 1.15 

10% 415.9 56.5 411.1 63.6 0.826 0.034 0.001 197 1.11 

-10% 227.9 37.5 222.5 40.5 0.797 0.035 0.112 222 1.08 

Hydro increased 

survival 

Current 371.8 52.8 366.8 57.5 0.822 0.034 0.004 305 1.11 

10% 481.3 62.5 477.9 71.7 0.833 0.035 0.002 401 1.11 

-10% 268.2 43 263.5 46.9 0.806 0.034 0.039 203 1.13 

Hydro decreased 

survival 

Current 286.5 44.3 281.8 48.5 0.808 0.036 0.03 253 1.11 

10% 383.1 53.2 377.8 58.4 0.825 0.035 0 320 1.11 

-10% 201.7 34.8 195.8 37.9 0.79 0.037 0.191 159 1.12 

Historical 

Current 

Current 317.3 48.1 310.8 52.6 0.814 0.035 0.019 165 1.12 

10% 418 57 412.6 64 0.827 0.033 0 177 1.10 

-10% 227 37.3 222.5 41.3 0.797 0.035 0.11 229 1.11 

Hydro increased 

survival 

Current 369.2 52.9 365 60.8 0.82 0.034 0.001 301 1.06 

10% 483.3 62.5 480.3 71.8 0.832 0.034 0.001 421 1.07 

-10% 269.5 43.4 264.9 47.7 0.806 0.034 0.045 241 1.12 

Hydro decreased 

survival 

Current 287.5 43.2 280.4 48.2 0.806 0.034 0.028 232 1.13 

10% 382.2 54 375.6 60.7 0.823 0.035 0.001 332 1.05 

-10% 202.5 36.7 196.9 38.3 0.789 0.036 0.208 155 1.11 

 

  



4.1 Life cycle matrix models for steelhead populations 

 

17 

Middle Columbia River Steelhead ESU populations—Upper Yakima River of the Yakima River basin, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 39.5 6.3 38.4 6.8 0.805 0.032 1 18 1.09 

10% 52.5 7.6 51.2 8.2 0.82 0.031 1 22 1.10 

-10% 27.5 4.8 26.4 5.2 0.789 0.033 1 28 1.11 

Hydro increased 

survival 

Current 46.6 6.8 45.2 7.3 0.812 0.032 1 40 1.07 

10% 60.8 8.1 59.6 8.7 0.826 0.032 1 46 1.02 

-10% 33.1 5.2 31.9 5.7 0.798 0.032 1 26 1.07 

Hydro decreased 

survival 

Current 35.5 5.5 34.3 6 0.801 0.031 1 30 1.01 

10% 48 7.1 46.5 7.6 0.816 0.034 1 37 1.04 

-10% 24.5 4.6 23.4 4.8 0.78 0.034 1 21 1.03 

Recent 

Current 

Current 55.7 7.6 54.8 8.5 0.821 0.033 1 27 1.12 

10% 72.2 9.4 71.1 10.3 0.832 0.034 0.998 31 1.13 

-10% 40.5 6 39.4 6.5 0.804 0.033 1 40 1.03 

Hydro increased 

survival 

Current 64.1 8.6 63.1 9.4 0.828 0.033 1 52 1.04 

10% 82.5 10 81.5 11.5 0.837 0.033 0.988 67 1.05 

-10% 47.3 6.4 46.2 7.3 0.812 0.033 1 39 1.10 

Hydro decreased 

survival 

Current 50.4 7.1 49.3 7.9 0.816 0.034 1 43 1.04 

10% 66.1 8.9 65 10 0.829 0.032 1 54 1.04 

-10% 36.6 5.7 35.6 6.4 0.799 0.035 1 26 1.11 

Historical 

Current 

Current 55.1 7.6 54.1 8.7 0.82 0.034 1 26 1.08 

10% 71.6 9.2 70.6 10.5 0.831 0.033 0.998 32 1.06 

-10% 40.1 6.2 39 6.7 0.803 0.033 1 39 1.09 

Hydro increased 

survival 

Current 63.9 8.4 62.7 9.3 0.828 0.033 1 56 1.09 

10% 81.9 10.1 80.8 11.5 0.838 0.034 0.993 69 1.10 

-10% 47.3 7 46.2 7.6 0.811 0.034 1 39 1.04 

Hydro decreased 

survival 

Current 50.9 7 49.9 8 0.817 0.033 1 39 1.10 

10% 65.8 8.6 65 9.7 0.828 0.033 1 61 1.07 

-10% 36.7 6 35.6 6.5 0.8 0.033 1 30 1.05 
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Snake River Steelhead ESU populations—Catherine Creek, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 380 29.5 382.8 34.7 0.962 0.029 2.421 276 0.67 

10% 483.3 34.7 489.4 42.9 0.972 0.028 NaN 368 0.68 

-10% 287.2 23.1 287.3 26.8 0.95 0.029 3.135 274 0.67 

Increased transport 

rate 

Current 397.2 29 401 35.1 0.964 0.029 3.777 365 0.65 

10% 504 35.9 511.6 44.7 0.973 0.028 NaN 237 0.67 

-10% 299.8 23.9 300.7 28.5 0.953 0.029 3.426 323 0.68 

Recent 

Current 

Current 378.3 29.1 380.3 34.1 0.96 0.027 2.721 291 0.69 

10% 481.3 35.4 484.8 43.3 0.969 0.026 NaN 375 0.68 

-10% 285.5 23.6 285.1 28 0.95 0.026 2.57 277 0.66 

Increased transport 

rate 

Current 395.6 30.5 396.9 36.5 0.961 0.026 3.34 371 0.67 

10% 503.9 35.8 508 43.7 0.97 0.027 NaN 237 0.66 

-10% 301 24.1 300.7 28.5 0.951 0.027 2.644 330 0.72 

Historical 

Current 

Current 575.8 55.3 554.2 75.1 0.98 0.043 3 512 0.86 

10% 723 68.9 702.3 89.5 0.987 0.044 NaN 633 0.84 

-10% 440.2 45.3 422.7 58.6 0.969 0.042 2.841 461 0.85 

Increased transport 

rate 

Current 601.3 56.6 581.6 74.9 0.978 0.041 4.33 599 0.83 

10% 752.1 70.4 732.2 94.4 0.985 0.043 NaN 403 0.86 

-10% 462.1 47.7 444.8 62.5 0.969 0.042 3.018 519 0.83 
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Snake River Steelhead ESU populations—Big Bear Creek of the Potlatch River, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 103.9 9.2 104.9 9.3 0.964 0.03 2.106 73 0.73 

10% 133.8 11.4 132.2 11.7 0.974 0.03 2.635 107 0.76 

-10% 76.8 7.6 78 8.7 0.949 0.029 1.678 142 0.74 

Increased transport 

rate 

Current 108.8 9.3 109.4 9.4 0.966 0.028 2.189 75 0.74 

10% 139.8 11.7 138.1 12.9 0.978 0.029 2.741 102 0.74 

-10% 80.9 7.8 82 8.7 0.951 0.028 1.74 133 0.74 

Recent 

Current 

Current 103.7 9.8 104 9.9 0.957 0.028 2.102 81 0.76 

10% 133.9 11.1 131.2 11.4 0.969 0.028 2.553 102 0.76 

-10% 76.5 7.4 77.1 8.4 0.942 0.027 1.685 143 0.77 

Increased transport 

rate 

Current 109.1 10 109.2 10.1 0.959 0.028 2.184 73 0.79 

10% 140.5 11.3 137.1 12.4 0.97 0.028 2.643 94 0.75 

-10% 81.1 7.9 81.8 8.9 0.943 0.027 1.76 131 0.78 

Historical 

Current 

Current 159.5 17.2 152.6 21.6 0.979 0.044 2.454 134 0.89 

10% 203.2 21.4 195.2 26.5 0.991 0.045 3.024 178 0.90 

-10% 121.5 13.5 118.1 14.9 0.969 0.045 2.025 234 0.92 

Increased transport 

rate 

Current 167 18.3 160.2 22.1 0.983 0.044 2.573 134 0.88 

10% 212.1 21.7 204 26.8 0.994 0.045 3.206 167 0.93 

-10% 127 13.5 122.1 15.5 0.972 0.045 2.074 219 0.88 
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Snake River Steelhead ESU populations—Rapid River, 100 year time frame 

Scenarios and parameter perturbations 
Spawners Recruits per spawner 

Extinction 

probability 

Diagnostic 

parameters Geomeans Medians 
 

Climate Hydro Prespawning and s1 Mean SD mean SD Mean SD K sigma 

Bad 

Current 

Current 207.9 15.9 208.8 18.8 0.938 0.031 3.767 160 0.71 

10% 252 19.5 254.2 23.5 0.947 0.031 4.428 207 0.71 

-10% 168.6 13.3 169.2 16 0.933 0.031 3.04 246 0.73 

Increased transport 

rate 

Current 216.7 16.6 218.6 20 0.941 0.031 3.893 155 0.71 

10% 261 20.3 263.3 24.9 0.948 0.031 4.288 193 0.73 

-10% 174.6 14.1 175.2 17 0.931 0.03 3.144 244 0.71 

Recent 

Current 

Current 221.6 17.3 220.7 21.4 0.943 0.033 4.514 176 0.76 

10% 267 20.7 267 25.5 0.948 0.032 5.915 214 0.72 

-10% 179.1 14.1 178 16.6 0.934 0.032 3.776 268 0.71 

Increased transport 

rate 

Current 229.7 17.3 229.7 20.8 0.945 0.032 5.036 162 0.79 

10% 277.5 21 277.3 25.8 0.951 0.033 5.777 206 0.73 

-10% 184.5 14.4 183.6 17.3 0.936 0.033 3.867 255 0.74 

Historical 

Current 

Current 270.1 22.3 273.1 28.5 0.945 0.037 4.733 214 0.82 

10% 326.4 27 330.9 33.6 0.953 0.038 5.263 265 0.77 

-10% 218.3 18.8 219.8 22.7 0.937 0.038 3.949 306 0.75 

Increased transport 

rate 

Current 280.6 23.9 283.1 30.1 0.946 0.038 5.127 209 0.76 

10% 338.4 28.1 343.5 34.5 0.954 0.038 7.397 260 0.76 

-10% 226.8 18.7 228.9 23.8 0.94 0.036 4.254 306 0.79 
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Figure 4.1.3. Mean spawners for steelhead populations under various climate, habitat, 

hydropower corridor survival, later ocean survival, and harvest rate change scenarios predicted 

after 100 years by the life-cycle model. Error bars represent standard deviations.  
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Some of the greatest uncertainties associated with the results of this model include the 

values of juvenile survival in freshwater (s1) and outmigration/estuarine and early marine 

survival (sO1). As described in ICTRT and Zabel (2007), values of (s1) are density dependent on 

based on estimation of Beverton-Holt parameters. For some populations only a small number of 

years with smolt and adult abundance data were available, resulting in increased uncertainty 

associated with the parameter estimates. Smolt estimates themselves were also uncertain for 

many populations. As more data are collected in the future, these parameters can be estimated 

with greater accuracy and precision. Additionally, hierarchical analyses can be employed to use 

parameter estimates from populations with more data available to guide the estimation of 

parameters from populations with less data (Gelman and Hill 2007, Bolker 2009). For example, 

Walters et al. (accepted pending minor revisions) used such an analysis to evaluate whether there 

was data support for shared stock-recruit relationships among Snake River spring/summer 

Chinook salmon.  

Estimates of sO1 were difficult to estimate and thus model for the Yakima River basin 

populations in particular. These values may be the driving force behind the observed abundance 

declines; we will examine this further in the near future. While Umatilla River sO1 values were 

thought to be more accurate, the model fits to these data were poor (section 7.2, this report). 

Finally, Snake River steelhead sO1 estimates did not explicitly include juvenile downstream 

mortality from the juvenile weir collecting data for each population to Lower Granite Dam. With 

increased data collection and further analyses, more accurate estimates may be available that will 

more realistically and completely estimate survival during this stage. Other limitations of this 

modeling approach are discussed in the ICTRT report (ICTRT and Zabel 2007). 

Overall, this life-cycle model demonstrates great potential to increase our understanding 

of how changes in survival rates at different stages of the life cycle of O. mykiss can affect 

population abundance trends and viability. The modeling framework is quite flexible and can be 

made to accommodate scenarios of survival changes at many life stages.  

It is likely that the upper Yakima River population is not at equilibrium capacity with its 

environment because anadromous migrations were cut off by Roza Dam for many years. 

Migration passage has now been restored. Thus, the results for this population in particular are 

likely to be more uncertain and change into the future.  

A major assumption of this model is that the number of steelhead smolts is a function of 

the number of steelhead adults because the number of resident adults is not considered. This is 

more likely to be the case in populations with smaller resident populations (located at higher 

elevations with lower food availability and productivity) but is likely not the case in populations 

with plentiful residents (such as the Upper Yakima River; see Courter et al. 2009, Courter et al. 

2010). However, such an assumption is necessary for many populations where resident O. mykiss 

(rainbow trout) data are not available, which is frequently the case in part because resident O. 

mykiss are not listed under the ESA.  
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Section 5.1:  Interior Columbia spring/summer Chinook populations: Future 
modeling possibilities 

 

Charlie Paulsen - Paulsen Environmental Research, Ltd. 

 

This section reviews available data for spring-summer Chinook salmon populations 
above McNary Dam that have not received extensive analytical attention in AMIP life cycle 
modeling, and suggests some potential future monitoring and modeling aimed at uncovering 
fish-habitat relationships for the less-analyzed populations. 

Table 1 displays populations, MPG membership, size category, and hatchery influence 
for all listed spring-summer Chinook populations above McNary Dam.  Many of these 
populations have already been analyzed in some detail for relationships between populations 
dynamics and climate, habitat conditions, potential habitat actions, and other factors that 
influence survival rates and carrying capacity.  Table 2 displays GIS-derived information on 
spawning area elevation, precipitation, and summer temperature, and hatchery strategy (ranging 
from none to heavy supplementation) on populations that have to date received less attention to 
date.  Table 3 summarizes fish data (estimates of spawner abundance, juvenile tagging and 
trapping, etc.), and whether the populations have had parr monitoring under the Idaho 
Supplementation Study (ISS) or habitat monitoring under the Columbia Habitat Monitoring 
Program (CHaMP).   

Table 3 also highlights six populations with extensive fish data; of these only two (the 
Tucannon and Yankee Fork) have active CHaMP monitoring.  An obvious monitoring extension 
would be to do once-off CHaMP-style habitat monitoring for the other four, combine the 
resulting habitat status information with existing fish data, and investigate the utility of the 
CHaMP metrics for accounting for differences in population dynamics (e.g., life-stage survival, 
carrying capacity estimates, etc.).   One potential difficulty with all of the populations in tables 2 
and 3 is that they all have moderate to high hatchery influence (see Table 1); this may confound 
any apparent relationships with habitat metrics.  More generally, due to logistical and budget 
constraints, adult and juvenile trapping is often located close to hatchery operations, so many of 
the populations with the best fish data often have high hatchery influence, and are located in 
what is euphemistically known as “managed” landscapes.  One consideration for future 
monitoring might be how one could economically extend intensive fish monitoring to more 
remote wilderness areas, in locations with minimal hatchery influence. 
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Table 1.  Spring-summer Chinook populations (from Tom Cooney) 

Population Population Name ESU/MPG Extirpated?
# 
MASAS
*

Size 
Category

% nat 
origin 5 
yr avg.

SNASO Asotin Creek SNK LM extirpated 1 Basic
MFBEA Bear Valley Creek SNK MF 3 Intermed 100
MFBIG Big Creek SNK MF 3 Large 100
IRBSH Big Sheep Creek SNK GR extirpated 0 Basic High
MFCAM Camas Creek SNK MF 1 Basic 100
GRCAT Catherine Creek SNK GR 3 Large 34
SRCHA Chamberlain Creek SNK MF 1 Intermed 100
SREFS East Fork Salmon River SNK US 1 Large 100

SFEFS
East Fork South Fork Salmon 
River

SNK SF 1 Intermed 46

UCENT Entiat River UC 1 Basic 46

GRUMA
Grande Ronde River upper 
mainstem

SNK GR 4 Large 33

IRMAI Imnaha River mainstem SNK GR 1 Intermed 25
SRLEM Lemhi River SNK US 3 Very Large 100
SRLSR Little Salmon River SNK SF 0 Intermed
GRLOO Lookingglass Creek SNK GR extirpated 0 Basic VH
MFLOO Loon Creek SNK MF 0 Basic 100
GRLOS Lostine River SNK GR 3 Large 41
MFMAR Marsh Creek SNK MF 1 Basic 100
UCMET Methow River UC 4 Very Large 29

MFUMA
Middle Fork Salmon River above 
Indian Creek

SNK MF 1 Intermed 100

MFLMA
Middle Fork Salmon River below 
Indian Creek

SNK MF 0 Basic 100

GRMIN Minam River SNK GR 1 Intermed 95
SRNFS North Fork Salmon River SNK US 1 Basic
SRPAH Pahsimeroi River SNK US 1 Large 68
SRPAN Panther Creek SNK US extirpated 0 Intermed ??

SRLMA
Salmon River lower mainstem 
below Redfish Lake

SNK US 3 Very Large 100

SRUMA
Salmon River upper mainstem 
above Redfish Lake

SNK US 3 Large 79

SFSEC Secesh River SNK SF 1 Intermed 93

SFMAI
South Fork Salmon River 
mainstem

SNK SF 2 Large 47

MFSUL Sulphur Creek SNK MF 1 Basic 100
SNTUC Tucannon River SNK LM 2 Intermed 53
SRVAL Valley Creek SNK US 1 Basic 100
GRWEN Wenaha River SNK GR 1 Intermed 95
UCWEN Wenatchee River UC 5 Very Large 31
SRYFS Yankee Fork SNK US 1 Basic 100??

 

*MASAS: number of TRT defined “MAjor Spawning AreaS” 
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Table 2.  Populations not yet modeled for AMIP project, ISEMP, etc. 

 

Population 
Name

Median spawning 
elevation

Precip 
(annual)

Temp (July 
max)

Hatchery 
strategy

Adult Life 
History

Chamberlain 
Creek

1460 64 23 negligible Spr

East Fork South 
Fork Salmon 

River
1540 107 20.1 high supp Spr

Little Salmon 
River

800 50.9 24 HM High Spr

Lookingglass 
Creek

790 117.5 25.1 HM High Spr

Lostine River 990 72.9 23.4 high supp Spr
Middle Fork 

Salmon River 
above Indian 

Creek

1710 96.2 21.6 negligible Spr

Middle Fork 
Salmon River 
below Indian 

Creek

1160 62.1 25.1 negligible Spr/Sum

North Fork 
Salmon River

1220 59.7 25.4 ??? Neg?? Spr

Pahsimeroi 
River

1540 45.7 22.3 Variable Summer

Salmon River 
lower mainstem 
below Redfish 

Lake

1570 50.9 24 ?? Spr

Salmon River 
upper 

mainstem 
above Redfish 

Lake

2080 81 21.2 mod supp,we Spr

Tucannon River 730 64 26.8 mod/high Spr

Wenaha River 620 110.6 23.5 phased out Spr

Yankee Fork 1920 77.2 19.4 ery high sup Spr
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Table 3  Fish data and ISS/Champ info. 

 

Population 
Name

Spawner 
Estimates?

Wild Parr 
Tagging?

Weir or 
trap?

Fall parr 
tagging

Juv. Trap 
(1st Year)

Adult weir 
(1st year)

ISS / 
CHAMP

Chamberlain 
Creek Y Y N

East Fork 
South Fork 

Salmon River
Y Y  JUV/AD 

(Johnson) Yes 1992
1998 

(missing 
1999)

ISS

Little Salmon 
River

? Y N

Lookingglass 
Creek Y Y JUV/AD 1992 1992

Lostine River Y Y  JUV/AD Yes 1995 1997
Middle Fork 

Salmon River 
above Indian 

Creek

? N N

Middle Fork 
Salmon River 
below Indian 

Creek

? N N

North Fork 
Salmon River ? N N

Pahsimeroi 
River Y Y  JUV/AD Yes 1991 1991 ISS

Salmon River 
lower 

mainstem 
below Redfish 

Lake

? N N

Salmon River 
upper 

mainstem 
above Redfish 

Lake

? Y  JUV/AD Yes ISS

Tucannon 
River Y Y  JUV/AD 1985 1979 CHAMP

Wenaha River Y Y N Yes
Yankee Fork Y Y  JUV/AD 1996 2008 ISS / CHAMP
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5.2 Steelhead populations 
 

Neala Kendall (NOAA Fisheries, Northwest Fisheries Science Center) 

 

I assembled information about data availability and suitability for life-cycle modeling 

from Oncorhynchus mykiss populations in the Interior Columbia River basin. I first collected 

population- or MPG-specific annual “fish in-fish out data,” specifically abundance data from 

which counts were extrapolated, age, length, and sex data from smolts and adults. I noted when 

specific information was given about the time period for which data were available. Further 

details about the data and time periods when data are available can be gained from each 

population’s manager(s) or co-manager(s).  

I also sought to gather information about existing anthropogenic alterations to stream and 

river habitats and habitat modifications that were carried out to relate these to the fish-specific 

data. When a site was monitored as part of the Integrated Status and Effectiveness Monitoring 

Program (IEMP) or Columbia Habitat Monitoring Program (CHaMP), this was also noted.  

Populations or MPGs were categorized (see “Category” in Table 5.2.1. below) for 

suitability for modeling from 1 to 3 based on availability of data, with 1 meaning that models 

that incorporate alterations in freshwater habitat conditions can built, 2 representing populations 

that are close to being able to model the effects of alterations in freshwater habitat conditions, 

and 3 meaning that they are not currently amenable to applying models that incorporate 

alterations in freshwater habitat conditions due to data gaps and other factors but that 2007 

ICTRT matrix-style life-cycle models (ICTRT and Zabel et al. 2007) can be applied.  

This table is likely incomplete. Data collections are ongoing. However, this table is a 

starting point from which to better understand life cycle modeling potential for O. mykiss in the 

interior Columbia River basin.  

Data were collected on 30 populations or MPGs (Table 5.2.1). Each population has a 

different combination of available data and gaps. There is great opportunity for life-cycle 

modeling for a number of these populations. The Middle Fork John Day River, upper Yakima 

River, Umatilla River, Catherine Creek, Asotin Creek, Fish Creek (Lochsa River), and Potlatch 

River have the most complete and longest-term data available and represent, to some degree, a 

diverse set of populations from a life history and geographic distribution perspective. Of note, 

most are located at lower elevations; fewer data are available from higher-elevation populations.  

 

Table 5.2.1. Available data and other information from Interior Columbia Basin O. mykiss.  
Population/MPG Smolt data Adult data Habitat information Resident 

information 

Category Other 

information 

Middle Fork John 

Day River 

Counts and age, no 

sex data 

Counts, age data 

from PIT-tagged 

fish, no sex data 

ODFW habitat work 

related to juvenile 

surveys; ISEMP and 

CHaMP site 

Juvenile surveys 2  

North Fork John 

Day River 

Counts and age, no 

sex data, less 

consistent 

Counts, age data 

from PIT-tagged 

fish, no sex data 

ISEMP and CHaMP 

site, less data linked to 

fish data 

No 3  

Satus Creek 

(Yakima basin) 

Juvenile production 

index, age & length 

Counts, no age or 

sex data 

No Very little 

available 

3  

Toppenish Creek 

(Yakima basin) 

Juvenile production 

index, age & length 

Counts, no age or 

sex data 

Little but increasing; 

CHaMP site 

Very little but 

increasing  

3  
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Ahtanum Creek 

(Yakima basin) 

Juvenile production 

index, age & length 

Counts, no age or 

sex data 

Little but increasing Very little but 

increasing  

3  

Naches River 

(Yakima basin) 

Juvenile production 

index, age & length 

None Better conditions but no 

work done 

None 3  

Upper Yakima 

River (Yakima 

basin) 

Juvenile production 

index, age & length 

Count, age, 

length, and sex 

WDFW and Yakama 

Nation have data 

Good information 

collected since 

mid-1990s 

2  

Twisp River Counts and age, no 

sex data 

Some data 

available 

 Some available 2  

Methow River Some data 

available 

Some data 

available 

CHaMP site  3 Lots of hatchery 

fish 

Entiat River Counts and age, no 

sex data 

Counts, no age or 

sex data 

ISEMP and CHaMP 

site; restoration work 

being done 

Some juvenile PIT 

tagging 

2  

Wenatchee River Counts and age, no 

sex data 

Questionable data ISEMP and CHaMP site  3  

Umatilla River Counts and age  Count, age, 

length, and sex 

Ongoing restoration 

work for 20 years; 

CHaMP site 

PIT tagging 2009-

2012 

1-2 Hatchery 

supplementation 

Fifteenmile Creek Counts and age Counts and age CHaMP site  2  

Catherine Creek Counts, length, and 

age data 

Counts, length, 

and age 

CHaMP site but less 

association of habitat 

and juveniles 

PIT tagging of 

migrants 

2  

Lookingglass Creek Counts and age Counts and age  PIT tagging of 

migrants 

2  

Joseph River None 3 years of adult 

count, age, and 

sex data 

  3  

Tucannon River Counts and age  Counts and age  Habitat improvement 

work being done; 

CHaMP site 

Older data, not 

surveyed recently 

3 Lots of adults 

stray to other 

systems 

Asotin Creek Counts, age back to 

2004 

Counts, length, 

age, sex data back 

to 2005 

Work being done; 

CHaMP site 

Juvenile surveys, 

PIT tagging 

2 Best data in 

Snake River. 

Overwintering 

in Clearwater 

Fish Creek (Lochsa 

River) 

Count and age data 

back to 1995 

Count, age, sex 

data back to 1992 

Relative pristine, no 

data but could be 

reference site; CHaMP 

site 

None 2 B-run type. 

Overwintering 

in Clearwater 

Imnaha River Counts and age 

since early 1990s, 

but misses period 

of the run 

Counts, age, and 

sex data since 

2000 but not 

entire population 

sampled 

CHaMP site  3  

Lemhi River Counts, age, length 

and sex data 

Counts, age, and 

sex data since 

2010 

ISEMP and CHaMP 

site; data collected to 

match fish data 

collected 

Growth, survival, 

distribution 

surveys available 

2  

Secesh River Counts, age, and 

sex data since 2010 

Counts, age, and 

sex data since 

2010 

Done to match fish data 

collected 

Growth, survival, 

distribution 

surveys available 

2 No hatchery fish 

Pahsimeroi River Some data 

available 

Ages only since 

2008 

Old survey data; 

CHaMP site 

Little information 

available 

3  

Little Salmon River 

(Rapid River) 

Counts and ages 

since 2007 

Counts, age, and 

sex data since 

2010 

  3 Lots of hatchery 

fish 

Upper Salmon River None Counts, age, and 

sex data since 

2010 
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Middle Fork Salmon 

River 

 Counts, age, and 

sex data since 

2010 

  3  

South Fork Salmon 

River 

Counts, age, and 

length 

Counts, age, and 

sex data since 

2010 

ISEMP and CHaMP site  3  

Sawtooth River Counts, age, and 

length 

Ages only since 

2008 

  3  

Potlatch River Counts, age, and 

length 

Counts, age, 

length since 2005 

 Survival data, PIT 

tagging 

2 Overwintering 

in Clearwater 

Lapwai River None Count, age data Good data available 

from UI researchers 

Some information 

available 

3 Overwintering 

in Clearwater 
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CHAPTER 6 
 

HYDRO SCENARIOS 
 
 
 

At this time, we have not formally developed hydro scenarios for inclusion in the life-cycle 
models.  We plan to convene a working group in the near future to develop a suite of hydro 
alternatives representing a range of points of view. 
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7.1.  Avian predation and survival in the Columbia Estuary 

Section 7.1.  Avian predation and survival in the Columbia Estuary 

Charlie Paulsen, Paulsen Environmental Research, Ltd. 

Recent studies of avian predation (e.g., Roby et al 2010) and reach survival (McMichael et al 
2009, 2010) in the Columbia estuary (figure 7.1.1) suggest that while avian predation can be a serious 
mortality sink (especially for steelhead), it does not account for the majority of the mortality that occurs 
from Bonneville Dam to the mouth of the estuary. 

Table 7.1.1 and Figure 7.1.2 display mortality rates on a variety of populations due to terns and 
cormorants breeding on East Sand Island (Figure 7.1.1).  Collectively, these two species are associated 
with mortality rates of approximately 15-20% for Snake and Upper Columbia steelhead and 4% for wild 
upriver yearling chinook (Roby et al 2010).  Note that these rates account for fish (and PIT tags) 
consumed and excreted only on the breeding colonies at Rice Island and East Sand Island. 

Meanwhile, recent studies by McMichael et al (2010, 2011) estimate survival rates for yearling 
chinook and steelhead of 78-84% and 53-60%, respectively (Table 7.1.2).  These correspond to mortality 
rates of approximately 20% for chinook and 45% for steelhead.  Clearly, either the predation rates and/or 
survival rates are erroneous, which seems unlikely, or there are other sources of mortality for the fish in 
questions.  The might include: 

1. Fish consumed by the breeding colonies but excreted elsewhere (Roby et al. account for 
detection efficiency, etc. in their estimates); 

2. Fish consumed by other predators (pikeminnow and other predatory fish, gulls and other 
predatory birds, etc.); and 

3. Fish that succumb to stress from saltwater transition (survival is usually lowest in the lowest 
river reach, where both the terns, cormorants, and saltwater are present at high 
concentrations). 

Research is continuing on the relative importance of these and other factors, along with efforts to 
disperse terns and cormorants to other nesting sites.  Information on avian predation is also available for 
inland sites (Figure 7.1.2), should this be of interest in future. 
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Table 7.1.1. Estimated predation rates (95% confidence intervals) of wild PIT tagged 

salmonid smolts by birds nesting at colonies in the Columbia River basin during 2004- 

2009. Predation rates were calculated if predation rates for a specific 

stock were ≥ 2% and ≥ 500 PIT-tagged smolts of both rearing-types from 

that stock were available in the same years.  Shaded cells are for Snake and UCR 
populations 

East Sand Island cormorants  
River of Origin Species Run Predation rate 

 
Mid-Columbia Chinook Spring 1.7% (0.8 - 2.7) 
Snake Chinook Spring 2.5% (1.8 - 3.2) 
Upper Columbia Chinook Spring 1.6% (0.8 - 2.4) 
Snake Summer 1.8% (1.1 - 2.5) 
Mid-Columbia Steelhead Summer 4.4% (3.5 - 5.4) 
Snake Steelhead Summer 5.7% (4.9 - 6.6) 

 East Sand Island tern 
River of Origin Species Run Predation rate 
Mid-Columbia Chinook Spring 1.0% (0.4 - 1.6) 
Snake Chinook Spring 1.2% (0.8 - 1.6) 
Upper Columbia Chinook Spring 0.9% (0.4 - 1.4) 
Snake Summer 1.3% (0.8 - 1.7) 
Mid-Columbia Steelhead Summer 9.7% (8.5 - 10.8) 
Snake Steelhead Summer 13.8% (12.9 - 14.7) 
Upper Columbia * Steelhead Summer 14.7% (14.0 - 15.6)  
* Combines info from Roby et al. tables A.1 and A.2 - no entry in summary table for UCR steelhead. 
Probably includes hatchery fish. 

 

Table 7.1.2 Estuary survival from McMichael et al 2010 and 2011. 
 

Year Species N tagged Survial, BON to RKM 8.3 SE
2009 Yearling Chinook 2976 0.784 0.009

Steelhead 3002 0.526 0.01
2010 Yearling Chinook 2567 0.8433 0.0212

Steelhead 2408 0.6033 0.0231  
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Figure 7.1.1 Avian Predation study area from Roby et al 2010 

 

 
 

Figure 7.1.2 Predation rates for East Sand Island terns and cormorants.  From Roby et al 2010. 
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CHAPTER 7. ESTUARY/OCEAN 
 

7.2 Ocean condition models for steelhead 
 

Neala Kendall (NOAA Fisheries, Northwest Fisheries Science Center), Rich Zabel (NOAA 

Fisheries, Northwest Fisheries Science Center), and Tom Cooney (NOAA Fisheries, Northwest 

Fisheries Science Center) 

 

Steelhead 

In the 2007 ICTRT life-cycle matrix model (ICTRT and Zabel et al. 2007), annual 

measures of first-year estuarine and ocean survival (during the third year of life), sO1, were 

estimated for Snake River and Umatilla River (mid-Columbia) steelhead. Further details on these 

analyses are available in additional reports (Petrosky and Schaller 2010, CSS team 2011). These 

values considered temporal variability in hydrosystem survival, harvest, and the age composition 

of adults. sO1 rates were modeled using various environmental conditions including monthly 

PDO values, monthly upwelling indices, and water travel time (WTT). PDO and upwelling are 

indicators of ocean conditions while WTT was an indicator of overall freshwater and in-river 

conditions. These environmental indices were normalized (centered them on zero and based their 

variation on their standard deviation) and then stepwise multiple linear regressions were run. The 

best-fit model was determined using AICc, BIC, and model weight.  

For our present analyses, we updated the sO1 for Snake River and Umatilla River (mid-

Columbia) steelhead from 2001-2006 (the years with currently-available data that were not 

included in the 2007 analysis; Table 2.7.1; ICTRT and Zabel et al. 2007) and re-ran the stepwise 

multiple linear regressions to determine which environmental indices should be included in the 

best-fit model. We also estimated sO1 values for Yakima River (mid-Columbia) steelhead (Table 

2.7.1.) and determined the best-fit models for these populations. For each group, we present the 

top nine models below (Tables 7.2.2-7.2.4).  

For Snake River steelhead ESU (Rapid River/Lower Salmon River) the selected model 

was (Table 7.2.2, Figure 7.2.1): 

 

(1) ��� = −2.694 − 0.315���������� + 0.412������� − 0.947����"�# −
0.27�$%���&�. 
 

For Umatilla River steelhead (mid-Columbia ESU) the selected model was (Table 7.2.3, Figure 

7.2.2): 

 

(2) ��� = −2.412 − 0.244�$%���& + 0.651������� − 0.754����"�#). 

 

For Yakima River steelhead (mid-Columbia ESU) the selected model was (Table 7.2.4, Figure 

7.2.3): 

 

(3) ��� = −2.756 − 0.226����"�# − 0.28�������&�. 
 

For each population, the associated best-fit model and its variability were used to 

simulate sO1 under alternative environmental scenarios (ICTRT and Zabel et al. 2007).  
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Table 7.2.1: Table of sO1 values estimated for Umatilla River (mid-Columbia), Snake River, and 

Yakima River (mid-Columbia) steelhead.  

Year 
Umatilla River 

steelhead sO1 

Snake River 

steelhead sO1 

Yakima River 

steelhead sO1 

1966  0.169  
1967  0.272  

1968  0.155  

1969  0.354  

1970 0.089 0.209  

1971 0.086 0.233  

1972 0.115 0.160  
1973 0.295 0.178  

1974 0.100 0.258  

1975 0.059 0.078  

1976 0.101 0.117  

1977 0.234 0.022  

1978 0.077 0.070  
1979 0.080 0.072  

1980 0.118 0.048  

1981 0.175 0.022  

1982 0.239 0.100  

1983 0.256 0.070  

1984 0.279 0.091  
1985 0.215 0.062  

1986 0.138 0.060  

1987 0.101 0.077 0.041 

1988 0.057 0.041 0.035 

1989 0.069 0.024 0.072 
1990 0.092 0.048 0.053 

1991 0.047 0.028 0.030 

1992 0.056 0.019 0.037 

1993 0.032 0.020 0.024 

1994 0.061 0.023 0.029 

1995 0.018 0.026 0.033 
1996 0.018 0.032 0.039 

1997 0.051 0.026 0.049 

1998 0.064 0.037 0.102 

1999 0.067 0.060 0.124 

2000 0.052 0.085 0.084 

2001 0.034 0.058 0.282 
2002 0.033 0.063 0.115 

2003 0.070 0.043 0.066 

2004 0.056 0.021 0.061 

2005 0.057 0.020 0.093 

2006 0.070 0.039 0.072 

2007 0.109 0.104 0.153 
2008  0.131 0.153 
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Table 7.2.2: Best-fit models predicting sO1 values of Umatilla River (mid-Columbia) steelhead.  

Model 
# of 

parameters 
AICc 

Delta 
AICc 

BIC 
Delta 
BIC 

Normalized 
weight 

R
2
 

Up.Sept , PDO.May , PDO.Apr 3 83.7 0 91.9 1.31 0.048 0.286 

Up.Sept , Up.Apr 2 83.8 0.18 90.6 0 0.044 0.238 

Up.Sept , Up.Apr , PDO.May , PDO.Apr 4 84.6 0.93 94.2 3.62 0.030 0.312 

Up.Sept , Up.May , PDO.May , PDO.Apr 4 84.9 1.29 94.6 3.97 0.025 0.306 

Up.Sept , PDO.Sept , PDO.May , PDO.Apr 4 85.0 1.30 94.6 3.99 0.025 0.305 

Up.Sept , Up.May , Up.Apr 3 85.3 1.68 93.6 2.99 0.021 0.252 

Up.Apr , PDO.Sept , PDO.May , PDO.Apr 4 85.3 1.69 95.0 4.37 0.021 0.298 

PDO.Sept , PDO.May , PDO.Apr 3 85.4 1.70 93.6 3.01 0.021 0.252 

Up.Sept , Up.Apr , PDO.Sept , PDO.May , 
PDO.Apr 

5 85.4 1.76 96.3 5.68 0.020 0.342 

 

Table 7.2.3: Best-fit models predicting sO1 values of Snake River steelhead.  

Model 
# of 

parameters 
AICc 

Delta 
AICc 

BIC 
Delta 
BIC 

Normalized 
weight 

R
2
 

WTT , Up.Sept , PDO.May , PDO.Apr 4 69.5 0 79.1 0 0.239 0.720 

WTT , Up.Sept , Up.May , PDO.May , PDO.Apr 5 71.4 1.89 82.2 3.13 0.093 0.724 

WTT , Up.Sept , PDO.May 3 71.7 2.22 80.0 0.85 0.079 0.687 

WTT , Up.Sept , Up.Apr , PDO.May , PDO.Apr 5 71.9 2.38 82.7 3.62 0.073 0.721 

WTT , Up.Sept , PDO.June , PDO.May , PDO.Apr 5 71.9 2.38 82.7 3.62 0.073 0.721 

WTT , Up.Sept , PDO.Sept , PDO.May , PDO.Apr 5 72.0 2.46 82.8 3.70 0.070 0.720 

WTT , Up.Sept , PDO.Sept , PDO.May 4 73.4 3.86 83.0 3.86 0.035 0.692 

WTT , Up.Sept , Up.May , PDO.May 4 73.6 4.14 83.3 4.15 0.030 0.690 

WTT , Up.Sept , Up.May , Up.Apr , PDO.May , 
PDO.Apr 

6 73.9 4.44 85.9 6.77 0.026 0.724 

 

Table 7.2.4: Best-fit models predicting sO1 values of Yakima River (mid-Columbia) steelhead.  

Model 
# of 

parameters 
AICc 

Delta 
AICc 

BIC 
Delta 
BIC 

Normalized 
weight 

R
2
 

PDO.Sept , PDO.May 2 36.9 0 41.0 0.40 0.051 0.431 

PDO.May 1 37.3 0.46 40.6 0.00 0.040 0.349 

WTT , PDO.May 2 37.7 0.85 41.9 1.25 0.033 0.406 

WTT , PDO.Sept , PDO.May 3 38.1 1.22 42.8 2.20 0.027 0.467 

PDO.Sept , PDO.June , PDO.May 3 38.2 1.34 42.9 2.31 0.026 0.464 

PDO.May , PDO.Apr 2 38.4 1.48 42.5 1.88 0.024 0.388 

PDO.Sept 1 38.6 1.75 41.9 1.29 0.021 0.306 

PDO.Sept , PDO.May , PDO.Apr 3 38.7 1.81 43.4 2.78 0.021 0.451 

WTT , PDO.Sept , PDO.June , PDO.May 4 38.8 1.88 43.7 3.10 0.020 0.522 
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Figure 7.2.1: Updated (a) model fits (with 95% confidence intervals) and (b) predictions of third 

year survival (sO1, with 95% prediction intervals) of Umatilla River (mid-Columbia) steelhead, 

as estimated by a combination of environmental variables.  
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Figure 7.2.2: Updated (a) model fits (with 95% confidence intervals) and (b) predictions of third 

year survival (sO1, with 95% prediction intervals) of Snake River steelhead, as estimated by a 

combination of environmental variables and water travel time.  
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Figure 7.2.3: Updated (a) model fits (with 95% confidence intervals) and (b) predictions of third 

year survival (sO1, with 95% prediction intervals) of Yakima River (mid-Columbia) steelhead, as 

estimated by a combination of environmental variables and water travel time.  
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8.1 Executive Summary 

Aimee Fullerton (NOAA Fisheries), Jeff Jorgensen (NOAA Fisheries), Eric Ward (NOAA 

Fisheries), Peter Westley (University of Washington and NOAA Fisheries), Guillaume Bal 

(NOAA Fisheries), and Rich Zabel (NOAA Fisheries) 

Anadromous Pacific salmon exhibit marked spatial structure and diversity, features that may 

promote resilience for populations faced with natural and anthropogenic change. Understanding 

spatial structure has clear conservation implications, yet we have a limited understanding about 

how populations are spatially related, the extent to which some are more isolated or connected 

than others, and how relationships may change when faced with various stressors.  

A decade ago, the Interior Columbia Technical Recovery Team (TRT) identified 

Evolutionarily Significant Units (ESUs), Major Population Groups (MPGs) within ESUs, and 

Populations using available data on genetics, distance between spawning aggregates, drainage 

characteristics and connectivity, body morphology, age structure, environmental habitat 

characteristics, demographic correlations, juvenile migration timing, spawn timing, and basin 

size (habitat capacity). Since then, more data and new quantitative techniques have become 

available. In this document, we use multiple complementary models to describe the spatial 

structure of Interior Columbia and Snake River populations of Chinook salmon.  

In section 8.3, we use population size, position, and dispersal rates to characterize source-

sink dynamics and evaluate how human activities could alter spatial relationships among 

populations. Next, we use time series of genetic markers (8.4) and spawner abundances (8.5) to 

see if there is statistical evidence for shared trends among populations, how populations cluster 

spatially, and whether relationships can be improved by including environmental covariates. In 

section 8.6, we highlight an analysis of mark recapture data that estimates the influence of 

species, life history, and other factors on stray rates. We then outline several approaches and 

initial progress toward modeling metapopulation dynamics (8.7). Each analysis incorporates one 

or more related concepts necessary to characterize spatial structure: dispersal by individuals, 

gene flow, and the level of temporal synchrony in demographic trends. Together, these models 

can be used to describe how resistant populations are to invasion by non-natal fish as well as 

potential consequences of changes to spatial structure. 

The analyses presented here are intended to provide examples of new approaches to 

understand the spatial structure of groups of related populations. At this point, we are not 

recommending that these analyses supersede previous work produced by the Interior Columbia 

TRT. Rather, we hope that this will serve as a starting point to discuss how we can use new 

analyses and data to complement existing research. Although we have strived to incorporate the 

best available data, there are certainly places where readers should interpret results with caution 

due to the assumptions inherent in each analysis. Accordingly, we have provided the limitations 

in each section and summarized them below.   

We have yet to work out exactly how these analyses will relate to the life cycle modeling 

efforts that are ongoing for a number of populations (other chapters, this document). Because the 

AMIP explicitly requested more formal spatial analyses, we have made a concerted effort to 

consider spatial structure in its own right, in the event that insights gained from these analyses 

might be useful in updating recovery goals. Ultimately, we believe that future modeling should 
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consider how populations interact, both from the standpoint of source-sink dynamics and how 

they respond to common drivers. As a first step toward this end, we demonstrate a sketch of what 

a metapopulation model might look like in Section 8.7. More realistically, insights gained from 

this chapter can provide a starting point for considering out of basin demographic impacts to 

individual populations (via estimates of dispersal), and may help to build some assumptions 

about model behavior in locations where data are sparse but otherwise similar to data-rich 

populations. Finally, this section can provide context to broad-scale impacts of local restoration 

activities. For instance, source-sink dynamics may cause unexpected consequences with respect 

to expected improvements in fish abundance or productivity due to local restoration actions. 

General Findings 

Across analyses, some similarities arose. We found high support for the ESU level 

groupings, and reasonable support for the MPG groupings identified previously by the TRT. 

Distance appears to play a role in dispersal, but straying is also influenced by other biological 

and environmental factors. There was support in the genetic and demographic data for a certain 

level of synchrony but not for panmixia. Several analyses suggested that the Upper Salmon 

population may be unique. Other analyses identified the Tucannon, Wenaha and the South Fork 

Salmon River populations as unique. Below, we describe major findings from each analysis. 

Source-Sink Analysis: We used a graph theoretic approach to characterize source-sink 

dynamics among populations in the Snake River ESU. We first evaluated how representations of 

source-sink dynamics depended on the method we used to estimate dispersal. We then 

considered how spatial structure might be influenced by future stressors or conservation actions. 

We compared: (1) a model that assumed dispersal was primarily related to proximity (i.e., 

hydrologic distance between populations); (2) a model that estimated dispersal from the 

probability of making a correct decision at each tributary junction encountered on the migration 

route; (3) stray rates estimated using mark recapture data for hatchery fish; and (4) genetic 

distances between population pairs. Stray rates from mark recapture data were much higher 

between populations nearer in space. However, the weak positive relationship between genetic 

and hydrologic distances suggested that dispersal is controlled by factors other than just 

proximity. Decisions to stray into a tributary are complex and not well represented by the current 

implementation of our turn decision model. When we estimated spatial structure using each of 

these 4 approaches, we found that predicted spatial structure differed markedly. Given the 

different assumptions and suite of populations used in each approach, this result is not surprising. 

Although there were discrepancies about specific populations, the approaches generally agreed 

on several results. First, populations within the Grande Ronde / Imnaha MPG had more 

connections than did populations within the Snake River MPGs, and there was very little 

connection among MPGs. Second, the most isolated / independent populations tended to be the 

Tucannon River and some populations in the upper Salmon River.  

When we considered scenarios characterizing possible influences of future stressors or 

conservation benefits, we found that (1) alterations to dispersal rates had larger influences on 

spatial structure than did alterations to population sizes, but effects were interactive; (2) 

increasing source habitats yielded a more connected ESU with stronger sinks, whereas increasing 

sink habitats had the opposite effect. Finally, if broad-scale factors affect productivity 

proportionally, source-sink dynamics are unlikely to change substantially (although there could 
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be threshold demographic effects). These analyses stress the need to continue to improve 

estimates of dispersal. This will entail increased monitoring efforts for wild fish and for 

unmonitored locations, and to consider the myriad of potential influences that could alter 

straying and successful dispersal from year to year. Given confidence in dispersal rates, these 

analytical techniques hold considerable promise for prioritizing conservation actions spatially. 

Genetic Covariance Analysis: We used time series of allozyme and microsatellite data to 

evaluate the extent of synchrony among populations (correlated allele frequencies over time) 

using a multivariate autoregressive state space (MARSS) modeling framework. We found some 

evidence for synchrony but not for complete panmixia. Allozyme data (17 populations) 

suggested mostly a synchronous population overall. Within the Grande Ronde / Imnaha MPG, 

however, there is evidence that the Wenaha River population may be distinct (possibly due to 

low hatchery influence compared to other populations in the MPG). For Salmon River MPGs, 

there is some evidence that the Upper Salmon River is unique despite the influence of the 

Sawtooth hatchery. Microsatellite data (fewer populations) suggested similar patterns. 

Correlation of alleles across a large geographic region suggests relatively large selective 

mechanisms such as environmental drivers of ocean survival. The lack of complete panmixia 

suggests some level of demographic isolation. 

Demographic Covariance Analysis: We used MARSS to evaluate time series of demographic 

data (wild spawner abundance) to examine covariance among populations. We found the best fit 

to the data using a model with five common trends and one covariate: summer PDO, lagged 3 

years (July-September mean of the Pacific Decadal Oscillation index). All top models included 

covariates. Timing for PDO lagged 3 years ties this covariate to the first rearing summer for 4-yr 

old spawners and to the first ocean year for 5-yr old spawners; both are believed to be important 

survival bottlenecks.  

We then evaluated which populations were associated with each trend to assess how 

populations grouped together. At the larger scale, ESU designations were supported by the 

analyses, but there were some differences about which populations grouped together at an 

intermediate scale within the Snake River ESU. The data supported a model that grouped 

populations that were generally similar to the TRT’s MPG groupings with some notable 

exceptions, as follows. 

Grande Ronde/Imnaha MPG: Based on one association approach but not the other, the Minam 

River grouped with Middle Fork and Upper Salmon MPGs even though its closest genetic 

relative is Catherine Creek and the nearest population in space is the Lostine River. 

South Fork Salmon MPG: Each of the three populations was identified as either unique or 

associated with other Salmon River populations. The mainstem in particular appeared to be 

unique because it was associated with its own unique trend. However, genetic data suggest it is 

more similar to other South Fork populations. 

Middle Fork Salmon MPG: Using one association approach, Camas Creek grouped with the 

Upper Columbia ESU and Loon Creek grouped in a minor Salmon River category. In another 

association approach, Camas Creek grouped with the Grande Ronde/Imnaha MPG. 
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Upper Salmon MPG: Using one association approach, all populations grouped together except 

Salmon River below Redfish Lake, which grouped with other Salmon River populations in a 

minor grouping; in the other association approach, Salmon River below Redfish and Lemhi 

River grouped with the Grande Ronde/Imnaha MPG. 

Stray Rate Estimates: We used published mark-recapture data to evaluate the influence of 

species, life history strategy, and other factors (location, year) on stray rates. Rates of straying, 

while controlling for other factors, differed between species, life history types within species, 

populations, and years. Data from a quarter million coded wire tag (CWT) recoveries from 10 

populations in the Columbia suggested that (1) the relative magnitude of straying is ocean-type 

Chinook>steelhead>coho; (2) ocean-type Chinook stray more than stream-type Chinook released 

in the same years in the same rivers; (3) straying of ocean-type lineages released as yearlings 

stray more than sub-yearlings ; (4) populations differed in absolute level of straying, and sites 

that produced high straying did so irrespective of species and vice versa; and (5) there is annual 

variability in straying, but the mechanism is unclear. 

The patterns are most consistent with differences in juvenile life history and imprinting. 

Ocean-type Chinook have dissimilar juvenile life history compared to stream-type Chinook, 

coho, or steelhead and stray at the highest rate. In contrast, ocean-type fish return to freshwater at 

the same time as coho but still stray at different rates. Paired rates of straying from the same 

release years were positively correlated between Chinook (both forms) and coho but inversely 

correlated between Chinook and steelhead. Paired comparisons by return year showed congruent 

trends, suggesting that environmental conditions during the return migration may influence 

straying in multiple species. 

These results warrant caution when assuming stray rates that ignore species, life history, 

or population level variation, especially in predictive modeling frameworks. 

Metapopulation Modeling: We began work evaluating metapopulation dynamics using two 

separate frameworks. In one, we used a likelihood approach which compared fits of spawner 

abundance time series for populations identified by the TRT to two models: (a) a metapopulation 

model in which spawners could disperse among populations, and (b) the suite of populations 

modeled independently without dispersal. Both models assumed a spawner-to-spawner Beverton 

Holt form with a covariate to capture annual variability due to processes other than dispersal. 

Early model runs encountered convergence problems; we are considering alternative model 

forms and fitting procedures. 

In the second framework, we used a Bayesian approach to model metapopulation 

dynamics at the ESU level. Using passive integrated responder tags (PIT), we have compiled 

data on freshwater and marine survival rates and stray rates for both wild and hatchery fish that 

will be used as prior probabilities in models. We will continue to refine estimates of parameters 

and begin to develop the metapopulation model framework. 

Limitations 

Each analysis had its own suite of assumptions. Here, we highlight those that should be 

given consideration when interpreting results. These shortcomings provide a list for prioritizing 

future research necessary to understand spatial dynamics of salmon populations. 
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In the source-sink analysis, the suite of populations included could be important. Ignoring 

influences from certain populations (e.g., unlisted ones or those with insufficient data) could 

produce misleading interpretations about source-sink dynamics. The framework describing 

dispersal appeared to be more influential than population size for determining spatial structure. 

Several factors that affect estimates of dispersal included: confidence in estimates of stray rates, 

how straying is influenced by genetic, demographic and environmental factors, and whether stray 

events result in gene recruitment.  

In the genetic covariance analysis, the primary limiting factor was consistent data across 

populations/runs and years. Genetic data only exist for a fraction of the time series for which we 

have demographic data, and there are many data gaps. We caution that results should not be 

extrapolated beyond the time periods or populations for which we have data. Thus, inference 

about ecological and evolutionary hypotheses is limited, as is our ability to consider implications 

for management. Inherent unknowns remain whether we have monitored the right genetic 

markers, the extent to which ecological mechanisms influence population structure, and whether 

these data represent what population structure would look like for wild fish in the absence of 

hatchery fish. 

In the demographic covariance analysis, we caution that the response data, estimates of 

wild spawner abundances through time, were summarized from a variety of sources and data 

types, with differing levels of certainty. We also note that the residuals from our best fitting 

model were somewhat correlated, so there was some autocorrelation in the data that was not 

accounted for in our model specification. It is also important to recognize that populations 

grouping together demographically may have distinct genetic lineages. 

In the stray rate analysis, there are numerous assumptions to consider. First, analyses 

relied entirely on hatchery-produced fish; future analyses should seek to compare ‘intrinsic’ rates 

of straying between wild and hatchery fish. Second, the majority of comparisons were conducted 

for fish in the Lower Columbia River, and it is unclear whether these same rates might apply for 

the Upper Columbia or Snake River systems. Steelhead stray rates in particular should not be 

extrapolated because the few locations for which we had data were heavily influenced by human 

activity. Although we attempted to account for confounding effects like out of basin broodstock 

and variable recovery sampling effort, legacy effects may have influenced estimates. Finally, we 

point out that these analyses, like any effort to estimate stray rates from mark-recapture data, are 

subject to considerations about even spatio-temporal coverage, and the possible differential 

probability of strays to contribute to the gene pool. 

Planned Analyses 

The first round of these spatial analyses was conducted to produce stand-alone products 

intended to give insight into how spatial dynamics might influence conservation and 

management decisions. We hope that future iterations of life cycle modeling will be able to 

directly incorporate insights from this work. We will continue to improve these approaches as 

new and better data become available, and as we are able to refine our ability to incorporate new 

ecological insights. To date, we have completed analyses primarily for spring/summer Chinook; 

we will extend these approaches to evaluate spatial structure for fall Chinook and steelhead, 

when possible. For all species, we will consider whether data warrant evaluating spatial structure 

at finer scales. We will continue to wrestle with how to incorporate potential effects of hatchery 
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fish on spatial dynamics of wild fish. We believe that the best way to incorporate multiple factors 

simultaneously will be to model spatial dynamics of metapopulations. To that end, we will 

continue to refine and improve our metapopulation models. 

We stress that it is of paramount importance to continue existing monitoring efforts to 

assess straying for wild fish and to begin to monitor locations that we believe to be important but 

for which we have few data. The region-wide database of PIT tags continues to grow, as do 

genetic sampling efforts. These pieces of information are crucial for understanding not only how 

populations are spatially structured today but how they will change in response to various 

stressors and conservation programs. 

We end with a quote from Waples & Gagiotti (2006) that captures the difficulty of 

understanding the spatial structure of salmon populations:  

“Real metapopulations will typically be complex, with population synchrony 

being a function of both migration rate and correlated environmental 

fluctuations. Furthermore, migrant individuals might not be equivalent to local 

ones in terms of behavior, life history, etc., which means that [dispersal rate] 

by itself will not necessarily be a reliable indication of the magnitude of 

demographic interactions.” 
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8.2 Introduction 

Species that exhibit structure in space must persevere in the face of both local and 

distributed disturbances. A classic example of a spatially-structured population is a 

metapopulation: a suite of interacting, spatially distributed sub-populations that persist despite 

locally dynamic demographic and environmental conditions (Hanski 1998). Spatial distribution 

of sub-populations (hereafter, populations) across a variable landscape can promote species 

resilience by reducing the likelihood that all populations will experience the same localized 

disturbances; populations extirpated by catastrophic events can be recolonized by neighboring 

populations (Kallimanis et al. 2005). The spatial separation of populations may also foster 

genetic diversity through adaptation to local conditions and reduced genetic exchange, which in 

turn can increase the resilience of individuals to spatially extensive disturbances (Fox 2005).  

Environmental conditions altered by human activities or climate change can modify the 

pace, duration, and spatial extent of disturbances to which organisms are exposed (Vitousek et al. 

1997). Such changes may alter spatial relationships among populations and thereby reduce 

metapopulation resilience to further changes. For instance, habitat fragmentation or decreases in 

the productivity of source populations may decrease the probability of rescue after a local 

disturbance. Decreases in genetic diversity (e.g., from captive rearing practices or homogenized 

habitat quality) may increase synchrony among individuals in spatially distant locations, thereby 

reducing the likelihood that some individuals in the metapopulation will be resistant to a 

widespread disturbance (e.g., climate anomaly or disease epidemic).  

Anadromous Pacific salmon exhibit marked spatial structure, and lend themselves to 

study as metapopulations (Schtickzelle & Quinn 2007). In natural salmon populations, 

reproduction is spatially segregated, there is some asynchrony in population dynamics (e.g., the 

timing of life history events differs among populations), and although most salmon return to 

natal streams to spawn, a small proportion disperses to neighboring streams (Quinn 2005). There 

is abundant evidence that spatial structure and diversity lend stability and resilience to 

populations of Pacific salmon (Hilborn et al. 2003; Good et al. 2008; Greene et al. 2010; 

Schindler et al. 2010). For ESA-listed salmon, this “portfolio effect” may be vital to long-term 

persistence when faced with natural and anthropogenic change. Yet we have a limited 

understanding about how these populations are spatially related, the extent to which some are 

more isolated or connected than others, and how relationships may change when faced with 

various stressors.  

To date, quantification of spatial structure of interior Columbia salmonids has been hampered 

by lack of data and our ability to characterize inter-population interactions. With additional 

empirical datasets and longer time series, we now have better information on which to base our 

understanding of metapopulation structure. As well, improved analytical techniques allow a 

more comprehensive suite of options for evaluating spatial structure and its drivers. In this 

document, we use multiple complementary models to describe the spatial structure of Interior 

Columbia and Snake River populations of salmon to answer the following questions:  

1. What does our understanding about the spatial structure of populations suggest about 

conservation and management priorities? 



8.2 Spatial Analysis: Introduction 
 

8-9 
 

2. What is the spatial coherence among populations over time, and what are the relative 

influences of environmental and demographic drivers? 

3. Can our understanding of population dynamics be improved by considering inter-

population movement? 

In section 8.3, we use population size, position, and dispersal rates to characterize source-

sink dynamics and evaluate how human activities could alter spatial relationships among 

populations. Next, we use time series of genetic markers (8.4) and spawner abundances (8.5) to 

see if there is statistical evidence for shared trends among populations, how populations cluster 

spatially, and whether relationships can be improved by including environmental covariates. In 

section 8.6, we highlight an analysis that uses coded-wire tags to estimate how stray rates differ 

among species and life history types. We then outline several approaches and initial analyses 

toward modeling metapopulation dynamics (8.7). In most sections, we focus on spring/summer 

Chinook salmon. We hope to extend these models to evaluate the spatial structure of fall 

Chinook and steelhead populations as data become available. 

Synthesizing results from these multiple analyses will enable decision-makers to understand 

potential consequences of management or conservation activities at the evolutionarily significant 

unit (ESU) level, the spatial unit at which species are listed. The importance of actions identified 

as priorities for individual populations may change when put in a metapopulation context. In 

particular, we note 4 management objectives that could be informed by considering 

metapopulation structure: 

Many rivers have barriers that block large areas that previously supported fish populations. 

Careful consideration of source-sink dynamics should help identify appropriate reintroduction or 

recolonization strategies (Pess et al. 2012). 

Understanding existing levels of synchrony among populations relative to levels present in 

the past may suggest whether a shift in artificial propagation management is appropriate (Moore 

et al. 2010). 

Understanding spatial relationships among populations may help to prioritize freshwater 

habitat restoration activities. For instance, habitat restoration in the tributaries may increase the 

size of a given population, but it may be more beneficial to allocate restoration funds to 

improving habitat throughout the migratory corridor. It is also important to recognize which 

populations can truly serve as sources; resources should be prioritized for improving habitat in 

areas that were likely historical source populations, and not just where fish are currently 

abundant (Cooper & Mangel 1999). 

Climate change is predicted to alter salmon habitat (Mantua et al. 2010); such changes may 

alter the spatial structure among populations in unpredictable ways.  

These will be active areas of research in the near future. Meanwhile, the description of spatial 

structure that we present in the next several sections may highlight obvious courses of action that 

will be necessary to maintain resilience by listed Pacific salmonids to disturbance. 
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Introduction 

Spatial segregation of populations across a variable landscape can confer species 

resilience by reducing the likelihood that all populations will experience the same localized 

disturbances. Spatially-structured populations often have high diversity due to reduced gene 

exchange and adaptation to location conditions. This serves to buffer species against widespread 

disturbance. For ESA-listed Pacific salmon, this portfolio effect may be key to long-term 

persistence when faced with natural and anthropogenic change (Hilborn et al. 2003, Greene et al. 

2010, Moore et al. 2010, Schindler et al. 2010), including habitat degradation, biological 

influences by nonindigenous species, and climate change. Yet we have a limited understanding 

about how these populations are spatially related, and how those relationships may change when 

faced with various stressors.  

In other sections of this report (Jorgensen et al.; Ward et al.), analyses focused on 

estimating spatial structure in terms of how populations group together. These analyses used 

demographic and genetic data to assess how similar or dissimilar populations appear over time. 

The analysis presented below differs in two key aspects: (1) instead of identifying association 

among populations, we focus on possible source-sink dynamics among populations with 

differing assumptions about the amount of exchange of individuals between populations (i.e., 

dispersal), to classify which populations are most isolated, which are well-connected, which 

seem to function as sources or sinks; and (2) our analysis does not consider long term temporal 

effects. Rather, we focus on data averaged over the recent past (since 2000). 

We define dispersal (straying, for salmon) as the rate of exchange of individuals between 

populations, i.e., emigration from one population into nearby populations, or, conversely, 

immigration from nearby populations into a given population. An implicit assumption is that fish 

identified as having dispersed are those that reproduce and successfully contribute offspring to 

the population. Genetic studies provide the best approach for identifying true gene exchange, and 

available genetic datasets are increasing in spatial and temporal scope. In the interim, we need 

other ways to estimate dispersal so that conservation and management activities can proceed 

with an understanding about how actions and disturbance might influence the spatial structure of 

salmon populations. 
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Here, we use two empirical estimates of dispersal (mark-recapture and genetic) and two 

modeled sources (distance-based dispersal and mechanistic homing decisions) to answer the 

following questions: 

1. How does our understanding of spatial structure differ depending on the data with 

which we characterize dispersal processes?   

2. Under existing conditions, which populations are sources and which are sinks, 

and how might those determinations inform conservation priorities? 

3. How would the source/sink determinations change under a variety of scenarios, 

and what would the implications be for alternative conservation priorities? 

Methods 

We used two modeled and two empirical approaches for estimating patterns in spatial 

dynamics among salmon populations. For each approach, we assimilate information about 3 

elements necessary for describing spatial structure: (1) the spatial position and extent of 

populations, (2) population size (spawner abundance), and (3) the probability of dispersal events 

among populations. Next, we combine the 3 components to compute a suite of population-level 

and ESU-level metrics describing spatial structure using each of these approaches. Finally, we 

evaluate alternative future scenarios to identify possible management and conservation options. 

Study Area 

We focus on Snake River spring-summer Chinook salmon Oncorhynchus tshawytscha, 

which spawn and rear as juveniles in the Salmon River basin (Idaho), Grande Ronde River basin 

(Oregon), and other tributaries to the Snake River (e.g., Tucannon, Imnaha, and Clearwater 

Rivers) (Figure 1). The landscape in these basins ranges from arid grasslands to mountainous 

forest. Many streams are federally protected as wilderness areas and are relatively pristine. Other 

sites have been influenced by human activities such as artificial salmon propagation programs, 

grazing practices, water diversions, timber harvest, mining and the introduction of nonindigenous 

species. Additionally, all fish are influenced by the operation of hydropower facilities, which 

may affect fish passage through dams and reservoirs, migration timing, and instream flow and 

temperature. Spring-summer Chinook juveniles generally spend a full year in rearing habitats 

before beginning their migration to the Pacific Ocean. After 1–4 years in the ocean, they travel 

up to 1500 km to return to their natal streams to reproduce. 

In the near future, we expect to expand our analyses to include Upper Columbia spring 

Chinook salmon, and fall Chinook and steelhead throughout the study area. 
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Figure 1. Map of the study area depicting populations (5-letter acronyms) in the Snake River spring/summer Chinook ESU and the major 

population groups to which they belong, as identified by the ICB TRT (2003). Refer to Table 1 for the full names of populations considered in this 

study. Orange hexagons denote the locations assigned to each population for the distance-based and wrong turn models. These are placed at the 

confluence of the population’s major river and the river into which it flows. Purple circles denote genetic sampling locations (names in black text 

correspond to Table 5). Adapted from: http://www.nwfsc.noaa.gov/trt/col_docs/chinook-mpgs-snake_river.jpg. 
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Table 1.  Abundance estimates for Snake River spring/summer Chinook salmon spawners used in 

analyses. Each row represents a unique population, as identified by the Interior Columbia Technical 

Recovery Team (TRT). Values in columns are as follows: All = mean returns from NOAA’s Salmon 

Population Summary (SPS) database for brood years 2000-2008 for all returns regardless of origin; River 

= mean returns from SPS for brood years 2000-2008 minus the estimated fraction of hatchery fish. These 

represent fish spawning in the river, but not necessarily wild fish. CWT = the number of recovered coded-

wire tagged fish that were released within the boundaries of a given population, where available, averaged 

across brood years 2000-2009. These values were not “expanded” by the proportion of fish tagged to 

represent true population estimates. Guidelines denote Major Population Groups. 

 

Population Name Major Population Group All River CWT 

SNTUC Tucannon River Lower Snake River 366 219 94 

GRCAT Catherine Creek  Grande Ronde/Imnaha 216 76 137 

GRLOS Lostine River Grande Ronde/Imnaha 694 347 284 

GRMIN Minam River Grande Ronde/Imnaha 493 472  

GRUMA Upper Grande Ronde Grande Ronde/Imnaha 55 45  

GRWEN Wenaha River Grande Ronde/Imnaha 478 457  

GRLMA Lower Grande Ronde R GR/Imnaha (migratory corridor)   101 

GRLOO LookingGlass Creek GR/Imnaha (Extirpated)   135 

IRMAI Imnaha River Grande Ronde/Imnaha 1462 512 298 

SFEFS EF South Fork Salmon R South Fork Salmon River 344 181  

SFMAI SF Salmon River South Fork Salmon River 1511 740 18 

SFSEC Secesh River South Fork Salmon River 821 764  

SRLSR Little Salmon River South Fork Salmon River   129 

MFBEA Bear Creek Middle Fork Salmon River 342 342  

MFBIG Big Creek Middle Fork Salmon River 207 207  

MFCAM Camas Creek Middle Fork Salmon River 161 161  

MFLOO Loon Creek Middle Fork Salmon River 42 42  

MFMAR Marsh Creek Middle Fork Salmon River 131 131  

MFSUL Sulfur Creek Middle Fork Salmon River 67 67  

SRCHA Chamberlain Creek Middle Fork Salmon River 558 558  

SREFS EF Upper Salmon R Upper Salmon River 352 352  

SRLEM Lemhi River Upper Salmon River 74 74  

SRLMA Salmon River (lower) Upper Salmon River 154 154  

SRPAH Pahsimeroi River Upper Salmon River 286 162 114 

SRUMA Upper Salmon River Upper Salmon River 473 435 231 

SRVAL Valley Creek Upper Salmon River 84 84  

SRYFS Yankee Fork Salmon R Upper Salmon River 60 60 43 

CLEAR Clearwater River Clearwater (Extirpated)   530 
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Distance-based Dispersal Model 

In this model, we based dispersal probability on hydrologic distances (i.e., along the 

stream network) between populations. Given their strong homing ability (Quinn 2005), we 

reasoned that salmon would be most likely to stray to populations that are close to their natal 

population. 

Spatial Extent and Population Locations 

To match the scope of population-level life cycle models (this document), we chose to 

conduct our analysis at the spatial scale of the populations previously identified by the Interior 

Columbia Technical Recovery Team (ICTRT 2003) (Figure 1). The TRT delineated these 

populations using a combination of genetic, life history, demographic (abundance, productivity) 

and environmental information. The population boundaries are largely synonymous with 

watersheds, but some consist of groups of smaller nearby watersheds that likely exchange 

individuals at moderate rates. Population boundaries vary in spatial extent, but are relatively 

stable through time, whereas finer resolution groupings such as the extent of spawning reaches 

can vary annually. We considered only the populations for which we had sufficient data on 

spawner abundances (Figure 1). 

We identified the location for each population as the confluence of the population’s 

major stream with the river into which it flowed. These locations represented the lowest end of 

the spatial distribution for each population. We reasoned that calculating distance between 

confluences made the most sense because this is the location at which fish decide whether to 

ascend the stream. 

Abundance Estimates 

We used time series of spawner abundances to estimate the size of each population 

(NOAA Fisheries 2011). We averaged spawner counts over the recent past (brood years 2000-

2008) (Table 1). For most populations, estimates of the fraction of hatchery returns were 

available. Fish spawning in the river may be progeny of at least one hatchery parent; thus, we 

summarized population estimates as “river-spawning” and as “all”, the latter of which included 

the fraction of hatchery fish. 

Dispersal Probability 

To model the probability that individuals dispersing from population i would successfully 

recruit into population j, we used a dispersal kernel that causes the probability of successful 

dispersal to decrease exponentially as distance between populations increases (Clark et al. 1998): 
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|

 

)                                                                     .    

where α (in km) is a shape parameter controlling the steepness of the curve’s elbow, c controls 

the tail shape, and dij is river distance between populations i and j, which we calculated using 

Network Analyst in ArcInfo v10. Because we considered dispersal between populations at 

discrete locations in space, we needed a way to account for fish that would be “lost” by strictly 

applying this curve (i.e., fish would arrive at a location that is not fit for spawning). To account 

for this, we standardized movements by dividing elements in P (the matrix of pijs) by their 
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column sums so that all fish were forced to return somewhere, resulting in a suite of population-

specific homing and dispersal probabilities (Schick and Lindley 2007). The hydrologic distance 

matrix and the resulting dispersal probability matrix are provided in Table 2.   

To estimate the dispersal curve parameters, we plotted the proportion of coded-wire 

tagged (CWT) fish recovered at each location (y-axis) against the distance between locations (x-

axis) (Figure 2; see mark-recapture section, below). Stray rate declined sharply with distance, 

which is consistent with findings by the ICTRT (2003, Appendix B) for Sawtooth, Tucannon, 

Warm Springs, McCall, and Lookingglass hatcheries from 1986 to 2001. The parameter values 

of α = 5 and c = 1 (exponential decay) reasonably represented the curve plotted from CWT data 

(Figure 2), and were used in successive modeling efforts unless otherwise specified. 

Limitations 

A key assumption of this model is that distance between populations is the primary factor 

influencing dispersal events. Here, we use distance as a surrogate for rigor and difficulty of 

movement. Other aspects might include gradient and flow. Although this is clearly a 

simplification, it is worth exploring how this model performs in comparison to other approaches 

since it is easy to apply. One criticism of this model for anadromous fish migrating upriver is that 

decisions must be made at each tributary junction, and that inter-population distance alone is 

unlikely to capture this. Below, we explore a model that measures the probability of dispersal 

based on decisions made at each tributary confluence. 

The dispersal kernel from Clark et al. (1998) was developed for terrestrial systems where 

progeny have the opportunity to disperse any distance. We modified this approach by 

standardizing inter-population movements as described above. A more formal approach to 

quantifying dispersal among discrete places in space can be done with discrete dispersal curves 

(Chesson and Lee 2005, Chipperfield et al. 2011). We plan to explore these curves in the future. 

This would entail adapting the existing lattice-based approach to stream networks.
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Figure 2. Dispersal probability estimated from (A) a continuous dispersal kernel (α = 5, c=1) and (B) 

coded-wire tags. Note that the outlier in panel B represents fish released in Yankee Fork but returning to 

the hatchery they were reared in (Sawtooth) in the Upper Salmon River. 
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Table 2a. Matrix of hydrologic distances (km) between populations. Abbreviations are as in Table 1 and guidelines denote Major 

Population Groups. Locations used for distance computations were the confluences of each population’s major river and the larger river into 

which it flowed (i.e., the most downstream location).  
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GRCAT  31 47 40 88 198 676 536 564 581 676 657 406 462 329 462 328 744 603 605 677 808 808 786 

GRLOS   16 71 60 170 648 508 536 552 648 629 378 434 301 434 300 716 574 576 649 779 780 758 

GRMIN    87 76 157 649 509 537 553 649 630 379 435 302 435 316 717 575 577 650 780 781 759 

GRUMA     128 238 717 577 605 621 716 698 446 503 370 503 369 784 643 645 717 848 849 827 

GRWEN      111 590 450 478 494 589 571 319 376 243 376 242 657 516 518 590 721 722 700 

IRMAI       492 352 381 397 492 474 222 279 146 278 207 560 419 421 493 624 624 602 

MFBEA        142 115 98 2 22 270 333 347 333 685 407 266 268 340 471 471 449 

MFBIG         30 46 142 123 130 193 207 193 545 267 126 128 200 331 331 309 

MFCAM          19 114 96 159 221 235 221 573 295 154 156 228 359 360 338 

MFLOO           97 79 175 237 251 237 589 311 170 172 244 375 376 354 

MFMAR            22 270 333 347 332 685 407 265 267 340 470 471 449 

MFSUL             252 314 328 314 666 388 247 249 321 452 452 430 

SRCHA              62 76 62 415 338 197 199 271 402 403 380 

SFEFS               133 3 471 401 259 261 334 464 465 443 

SFMAI                133 338 415 273 275 348 478 479 457 

SFSEC                 471 400 259 261 333 464 465 443 

SNTUC                  753 611 613 686 817 817 795 

SREFS                   143 140 68 66 66 44 

SRLEM                    3 76 206 207 185 

SRLMA                     72 203 204 182 

SRPAH                      132 132 110 

SRUMA                       4 23 

SRVAL                        24 

SRYFS                         
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Table 2b. Matrix of inter-population dispersal probabilities calculated using the distance-based dispersal model where α=5 and c=1. 

Abbreviations are as in Table 1 and guidelines denote Major Population Groups. Note that this is an asymmetrical matrix; columns = 

sources; rows=recipients. 
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GRCAT 0.9976 0.0019 0.0001 0.0003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRLOS 0.0020 0.9588 0.0393 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRMIN 0.0001 0.0392 0.9606 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRUMA 0.0003 0 0 0.9997 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRWEN 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

IRMAI 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFBEA 0 0 0 0 0 0 0.5969 0 0 0 0.3952 0.0126 0 0 0 0 0 0 0 0 0 0 0 0 

MFBIG 0 0 0 0 0 0 0 0.9974 0.0024 0.0001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFCAM 0 0 0 0 0 0 0 0.0025 0.9752 0.0224 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFLOO 0 0 0 0 0 0 0 0.0001 0.0224 0.9775 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFMAR 0 0 0 0 0 0 0.3953 0 0 0 0.5967 0.0132 0 0 0 0 0 0 0 0 0 0 0 0 

MFSUL 0 0 0 0 0 0 0.0078 0 0 0 0.0081 0.9741 0 0 0 0 0 0 0 0 0 0 0 0 

SRCHA 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

SFEFS 0 0 0 0 0 0 0 0 0 0 0 0 0 0.6543 0 0.3457 0 0 0 0 0 0 0 0 

SFMAI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

SFSEC 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3457 0 0.6543 0 0 0 0 0 0 0 0 

SNTUC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

SREFS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.9999 0 0 0 0 0 0.0001 

SRLEM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.6588 0.3412 0 0 0 0 

SRLMA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3412 0.6588 0 0 0 0 

SRPAH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

SRUMA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7027 0.2905 0.0099 

SRVAL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.2903 0.7033 0.0086 

SRYFS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0 0.0071 0.0062 0.9814 
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Mechanistic Homing Model 

Straying may be influenced by more than merely distance. We developed a model that 

assigns probabilities of making a “wrong turn” at each tributary junction encountered as a 

returning adult moves up into the stream network from the sea. In our application, we considered 

McNary Dam (the highest common location past which all fish bound for the Upper Columbia or 

Snake Rivers must pass) to be analogous to the sea because we were interested in dispersal 

among populations within the Interior Columbia, rather than what proportion might have strayed 

into lower tributaries.  

Spatial Extent and Population Locations 

The spatial properties (boundaries and point locations) for this analysis were identical to 

those described above for the distance-based dispersal model. 

Abundance Estimates 

The population estimates for this analysis were identical to those described above for the 

distance-based dispersal model. 

Dispersal Probability 

To model the probability that individuals dispersing from population i would successfully 

recruit into population j, we implemented a model described by (Schick and Lindley 2007). The 

probability of making a correct decision pc at each confluence was set to 0.99. In cases where a 

wrong decision is made (1% chance of happening), the probability pw assigned at each tributary 

encountered after the wrong turn was made is split equally among tributary arms (i.e., if there are 

two streams coming together, pw =0.5 for each tributary; if three tributaries join at the same 

location, pw = 0.333 for each tributary). The probability of homing accurately to natal reach i (pii) 

is equal to   
  where n is the number of tributary junctions a fish must navigate correctly to get 

to the natal reach. The probability that a fish whose natal habitat was reach i will stray to reach j 

is given as: 

                
                                                                      . 2  

 

where q is the number of tributary junctions encountered after making a wrong turn that are on 

the way to reach j. This process is illustrated in Figure 3, values for q and n are presented in 

Table 3a, and the resulting dispersal probability matrix is presented in Table 3b. 

Limitations 

One limitation to using this approach in a highly dendritic stream network is that the 

probability of successfully homing to locations that are in the headwaters is lower than the 

probability of successfully homing to locations lower in the system. This is because fish aiming 

for headwater locations have more tributary junctions to navigate, and the probability of 

successful homing decreases as the number of confluence decisions increases. 

Second, this is the simplest implementation of a mechanistic model that takes into 

account the behavior of fish at each tributary junction encountered. In the future, we hope to 
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include additional elements in the model that reflect influences on decisions made by fish. A 

variety of covariates is reasonable to consider, but many are limited by the strength of 

relationships and by data availability. A first step would be to include a measure of stream size 

(stream order, discharge, width, or contributing watershed area). The rationale behind inclusion 

of a stream size metric was that fish are more likely to be influenced by larger streams (more 

water, stronger smells, harder to miss). Other covariates that might influence stray rates include: 

life history strategy, hatchery influence, gender, major population group membership, side of the 

stream (e.g., north vs. south), and passage through the hydropower system. As improved 

information becomes available, we hope to incorporate more mechanisms into the model. 

 

Update: Work conducted on this model since the original draft uncovered an error in Equation 2. 

We do not have sufficient time to re-run the model and interpret results for this draft, but we 

wanted to note the error here. The equation should be: 

  

      
           

                                                                       . 2   

 

where Ta is the same as q, previously, and equals the number of tributaries after a wrong turn 

that need to be navigated in order to reach a destination. Tb equals the number of tributaries 

before a wrong turn that a fish encounters as it is migrating upstream. Thus, we will need to 

calculate another matrix, Tb, in order to represent dispersal using this equation. This error 

renders the diagram in Figure 3 incorrect as well; however, the general illustration of the process 

remains the same.  

We have also begun to lay out a framework for modifying    or    to account for 

covariates that might influence decisions by fish at each tributary junction. We envision using 

logistic regression to relate the probability of ascending stream 1 versus stream 2 at each 

tributary junction to characteristics present in each stream (e.g., discharge). Note that this 

approach can be used to model the way that habitat characteristics may influence straying, but 

will not account for factors that act on fish (i.e., age, gender, life history) to influence straying. 

These parameters would need to be built into population dynamics models using multipliers on 

the dispersal probability matrix created here. Ideally, we would like to compare dispersal events 

produced by this model to estimates from mark-recapture studies, given sufficient data and 

comfort with the myriad assumptions about how data were collected.
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Figure 3. Illustration of the mechanistic “wrong-turn” decision model for estimating dispersal among populations adapted from Schick and 

Lindley (2007). In this model, the probability of dispersal is assessed as the fish moves upstream, making decisions at every tributary junction. 



8.3 Source-sink analysis to identify spatial conservation priorities 
 

8-23 
 

Table 3a. Matrix used by the mechanistic wrong turn model to estimate dispersal. Diagonal values are the number of tributaries 

required to successfully navigate to the natal population (n). Off-diagonal values are the number of tributary junctions encountered by 

fish migrating upstream that would be required to reach a given population after they have made a wrong turn on their way to their 

natal stream (q). For instance, fish destined for the Secesh River (SFSEC) that made a wrong turn into the Grande Ronde would then 

navigate an additional 3 tributary junctions (yellow highlight) to arrive in the Minam River (GRMIN). Conversely, fish destined for 

the Minam River that strayed into the Secesh River (hypothetically) would navigate 4 tributaries (blue highlight) past the wrong turn 

(i.e., the decision to continue upriver instead of moving into the Grande Ronde River). For this analysis, we counted only tributary 

junctions for mainstems (i.e., major rivers for each population). Abbreviations are as in Table 1 and guidelines denote Major 

Population Groups. 
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GRCAT 4 0 0 0 0 2 2 2 2 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 
GRLOS 0 4 0 0 1 2 2 2 2 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 
GRMIN 1 0 5 1 2 3 3 3 3 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3 
GRUMA 0 0 0 4 0 2 2 2 2 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 
GRWEN 0 0 0 0 3 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 
IRMAI 1 1 1 1 1 3 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 

MFBEA 9 9 9 9 9 8 11 4 3 2 0 1 6 7 6 7 10 5 5 5 5 5 5 5 
MFBIG 5 5 5 5 5 4 0 7 0 0 0 0 2 3 2 3 6 1 1 1 1 1 1 1 
MFCAM 6 6 6 6 6 5 0 1 8 0 0 0 3 4 3 4 7 2 2 2 2 2 2 2 
MFLOO 7 7 7 7 7 6 0 2 1 9 0 0 4 5 4 5 8 3 3 3 3 3 3 3 
MFMAR 9 9 9 9 9 8 0 4 3 2 11 1 6 7 6 7 10 5 5 5 5 5 5 5 
MFSUL 8 8 8 8 8 7 0 3 2 1 0 10 5 6 5 6 9 4 4 4 4 4 4 4 
SRCHA 3 3 3 3 3 2 0 0 0 0 0 0 5 1 0 1 4 4 2 1 3 6 6 5 

SFEFS 4 4 4 4 4 2 2 2 2 2 2 2 2 6 1 0 5 2 2 2 2 2 2 2 
SFMAI 2 2 2 2 2 1 0 0 0 0 0 0 0 0 4 0 3 0 0 0 0 0 0 0 
SFSEC 4 4 4 4 4 2 2 2 2 2 2 2 2 0 1 6 5 2 2 2 2 2 2 2 

SNTUC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

SREFS 7 7 7 7 7 6 3 3 3 3 3 3 3 5 5 5 8 9 1 0 1 1 1 1 
SRLEM 5 5 5 5 5 4 1 1 1 1 1 1 1 3 3 3 6 0 7 0 0 1 1 1 
SRLMA 4 4 4 4 4 3 0 0 0 0 0 0 0 2 2 2 5 0 0 6 0 0 0 0 
SRPAH 6 6 6 6 6 5 2 2 2 2 2 2 2 4 4 4 7 0 1 0 8 1 1 1 
SRUMA 9 9 9 9 9 8 5 5 5 5 5 5 5 7 7 7 10 1 1 0 1 11 0 1 
SRVAL 9 9 9 9 9 8 5 5 5 5 5 5 5 7 7 7 10 1 1 0 1 0 11 1 
SRYFS 8 8 8 8 8 7 4 4 4 4 4 4 4 6 6 6 9 1 1 0 1 1 1 10 
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Table 3b. Matrix of inter-population dispersal probabilities between populations calculated using the wrong turn dispersal model. 

Abbreviations are as in Table 1 and guidelines denote Major Population Groups. Note that this is an asymmetrical matrix; columns = 

sources; rows=recipients. 
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GRCAT 0.946 0.009 0.01 0.009 0.009 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

GRLOS 0.009 0.942 0.01 0.009 0.005 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

GRMIN 0.005 0.009 0.941 0.005 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

GRUMA 0.009 0.009 0.01 0.946 0.009 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

GRWEN 0.01 0.01 0.01 0.01 0.953 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.002 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

IRMAI 0.005 0.005 0.005 0.005 0.005 0.962 0.01 0.01 0.01 0.01 0.01 0.01 0.009 0.01 0.009 0.01 0.002 0.01 0.009 0.009 0.01 0.01 0.01 0.01 

MFBEA 0 0 0 0 0 0 0.881 0.001 0.001 0.002 0.009 0.004 0 0 0 0 0 0 0 0 0 0 0 0 

MFBIG 0 0 0 0 0 0.001 0.009 0.917 0.009 0.009 0.009 0.009 0.002 0.001 0.002 0.001 0 0.005 0.005 0.004 0.005 0.005 0.005 0.005 

MFCAM 0 0 0 0 0 0 0.009 0.005 0.908 0.009 0.009 0.009 0.001 0.001 0.001 0.001 0 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

MFLOO 0 0 0 0 0 0 0.009 0.002 0.004 0.899 0.009 0.009 0.001 0 0.001 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

MFMAR 0 0 0 0 0 0 0.009 0.001 0.001 0.002 0.881 0.004 0 0 0 0 0 0 0 0 0 0 0 0 

MFSUL 0 0 0 0 0 0 0.009 0.001 0.002 0.004 0.009 0.89 0 0 0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

SRCHA 0.001 0.001 0.001 0.001 0.001 0.002 0.009 0.009 0.009 0.009 0.009 0.009 0.931 0.005 0.009 0.005 0.001 0.001 0.002 0.004 0.001 0 0 0 

SFEFS 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.937 0.005 0.009 0 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

SFMAI 0.002 0.002 0.002 0.002 0.002 0.005 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.01 0.94 0.01 0.001 0.009 0.009 0.009 0.009 0.01 0.01 0.01 

SFSEC 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.009 0.005 0.937 0 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

SNTUC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.988 0.01 0.01 0.009 0.01 0.01 0.01 0.01 

SREFS 0 0 0 0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0.903 0.004 0.009 0.004 0.005 0.005 0.005 

SRLEM 0 0 0 0 0 0.001 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.001 0.001 0.001 0 0.009 0.911 0.009 0.009 0.005 0.005 0.005 

SRLMA 0.001 0.001 0.001 0.001 0.001 0.001 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.002 0.002 0.002 0 0.009 0.009 0.89 0.009 0.01 0.01 0.009 

SRPAH 0 0 0 0 0 0 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0 0.009 0.005 0.009 0.907 0.005 0.005 0.005 

SRUMA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.004 0.004 0.008 0.004 0.906 0.009 0.005 

SRVAL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.004 0.004 0.008 0.004 0.009 0.906 0.005 

SRYFS 0 0 0 0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0.004 0.004 0.009 0.004 0.005 0.005 0.91 
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Mark-recapture Analysis 

Numerous efforts have attempted to empirically quantify straying for Pacific salmon by 

marking known-origin individuals as juveniles and recording where recaptured individuals return 

to spawn (Pess 2009, Keefer and Caudill 2012). Radiotelemetry has provided significant insights 

about potential straying and mechanisms influencing straying in the mainstem Columbia and 

Snake Rivers. Because radio tags are large and cannot be deployed on very small fish, radio-

telemetry is often combined with other information (e.g., genetics, other tagging techniques) to 

understand potential straying. Moreover, detections predominantly occur only at the major 

hydropower dams where permanent receivers are mounted. Occasional mobile detection efforts 

in the tributaries have uncovered interesting insights (Keefer et al. 2006, Keefer et al. 2008), but 

caution is warranted in broadly extrapolating these patterns. Recent applications of stable isotope 

analysis comparing microchemistry in fish otoliths and stream water have been used to identify 

complete fish location histories (Hamann and Kennedy 2012). However, this promising approach 

is new enough that there are very few areas for which such data have been analyzed. Thus, at this 

time, our best empirical estimates of inter-population straying events come from large scale 

coded wire (CWT) and passive integrated transponder (PIT) tagging and recovery efforts.  

Coded Wire Tags: Hatchery Fish 

We obtained release and recovery data on hatchery-reared salmon using coded wire tag 

data from the Regional Mark Information System (RMIS) database (PSMFC 20012; 

http://www.rmpc.org/). The Pacific States Marine Fisheries Commission maintains this database, 

which tracks fish that have been implanted with CWTs by various organizations. There is no 

systematic recovery program; rather, tags are recorded incidentally into databases for other 

projects as they are found, and then information is collected centrally in the RMIS database. We 

queried the database for recoveries of spring/summer Chinook salmon brood years 2000-2009 in 

the Snake River basin. For analyses, we averaged stray rates across these years. We matched 

release and recovery records using the tag ID column, and identified spatial coordinates by 

linking records to the location dataset using the name field.  

Passive Integrated Responder Tags: Wild Fish 

We are in the process of evaluating passive integrated transponder tag (PIT) data. These 

data will help fill the gap in information about stray rates for wild fish and for locations not 

included in the RMIS system. 

Spatial Extent and Population Locations 

The spatial extent of this analysis was determined by reported sampling locations (Figure 

4). Some of the TRT-identified populations had no mark-recapture information, and others 

contained multiple sampling locations within their boundaries. We summarized by TRT 

population whenever possible, and omitted recoveries in locations that may have been “en route” 

to intended spawning locations (e.g., the mainstem Columbia, Snake and Salmon Rivers). There 

were no CWT data from the Middle Fork Salmon River because no hatcheries are operated there. 

Abundance Estimates 

We considered population size to be the number of tagged fish from each release location 

that were recaptured (either at the release location or elsewhere), averaged across brood years.  

http://www.rmpc.org/


8.3 Source-sink analysis to identify spatial conservation priorities 
 

8-26 
 

Dispersal Probability 

Our analyses used donor-based stray rates, which represent emigration from a population. 

We calculated these as the proportion of fish released from a given location that were recovered 

at a location other than where they were released. For comparison, we also calculated recipient-

based stray rates (representing immigration into a population) as the proportion of fish recovered 

at a given location that originated from another location. The resulting stray rate matrices are 

provided in Table 4. In addition to estimating dispersal directly, we used this information to 

inform the shape of the distance-based dispersal curve (Figure 2B).  

Limitations 

There are many implicit assumptions with using tagging studies to assess potential 

straying. The most important consideration is whether fish collected on the spawning grounds 

actually produce viable, competitive offspring that survive and contribute to the gene pool. This 

cannot currently be assessed with mark-recapture studies. Another key assumption is that the last 

time a fish was observed or detected represents the place at which the fish spawned or intended 

to spawn. Fish caught in sport fisheries, or last detected while exploring or seeking cool water 

refuge may be misrepresented as stray events if the fish intended to continue moving (or did and 

were not detected again). Analyses using CWT may be less prone to this because tags are 

typically collected from a fish carcass or an adult that has returned to a hatchery. Another 

important issue for all tagging studies is that many locations where fish may travel are not 

monitored; therefore, fish spawning in un-monitored locations may never be detected. Indeed, 

there are many TRT populations for which we cannot assess straying using CWT. Detection 

efficiency and tag shed rates also influence results. For CWT data, which are predominantly 

hatchery fish, it is important to understand the hatchery operation histories. For instance, some 

hatcheries collect broodstock from the stream where the hatchery is located; others use out-of-

basin broodstock but rear them locally at the hatchery or in nearby ponds; still others release fish 

in a location different than the hatchery (e.g., downstream or into another basin). Given evidence 

that straying is influenced by conditions experienced by juveniles during imprinting (Quinn et al. 

1991, Quinn 2005, Dittman et al. 2010), these practices could artificially elevate calculated stray 

rates. Hatchery fish have been shown to stray at higher rates than wild fish in some cases (Candy 

and Beacham 2000, Keefer et al. 2005). Finally, estimating stray rates from mark recapture data 

summarized at the population level and across years, as we have done, may not fully capture 

spatial and temporal dynamics in stray rates (see Westley et al., this report).  

Our estimates of population size are not true population abundances; however, because 

we use these values in a relative manner, we made no attempt to expand values to estimate total 

number of returns. This could be important if the proportion of released fish that were tagged at 

each release location differed. We further assumed that recovery efficiency did not differ among 

populations; given that recovery programs are not systematic, this could be a confounding issue. 

The direction of straying has important implications. To be consistent with our modeled 

approaches, we used donor-based stray rates in our analyses. However, recipient-based stray 

rates suggest the degree of influence that straying has on a local population. If the population 

into which fish stray is large, then those few fish may have little influence. Conversely, if the 

population into which fish stray is small, then even a low stray rate may translate into a high 

proportion of non-natal fish spawning in that population. For comparison, we provide recipient-

based stray rates (Table 4C). 
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Figure 4. Locations for spring/summer Chinook salmon from the coded-wire tag program. 
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Table 4. Coded-wire tag recoveries for spring/summer Chinook in the Snake River. Columns are 

release locations; rows are recovery locations (names as in Table 1). Values are (A) number of 

fish, (B) proportion of donor population, and (C) proportion of recipient population recovered at 

each location. Values in A are fractions because they were calculated as the average of all 

recoveries from 2000-2009. Recovery locations that could have been “en route” to other 

locations were omitted (e.g., lower Snake, SF Salmon R trap, etc.). 

 
A CLEAR GRCAT GRLMA GRLOO GRLOS IRMAI SRLSR SFMAI SNTUC SRPAH SRUMA SRYFS 

CLEAR 529.5 0 0 0 0.7 0 0 1.1 0.1 0 0.1 0 

GRCAT 0 119.9 0.5 0.4 0.2 0.2 0 0 0 0 0 0 
GRLOO 0 15.7 7.9 129.8 1.9 0.6 0 0 0 0 0 0 
GRLOS 0 0.5 0.1 1.4 276.6 0.8 0 0 0 0 0 0 
GRMIN 0 0.7 0.2 0.8 1 0.1 0 0 0 0 0 0 
GRWEN 0 0 0 2.1 0.1 0.2 0 0 0 0 0 0 
IRMAI 0 0.2 0.4 0 1 296.3 0.1 0 0 0 0 0 

SRLSR 0 0.1 0.1 0.2 1.8 0 129 0.1 0 0 0.1 0 
SFMAI 0.3 0.2 0.1 0.3 2.5 0.1 1.1 16.9 0 0.1 0.3 0 

SNTUC 0 0 0.1 0 0.3 0.1 0 0.2 94.3 0 0.1 0 

SRPAH 0 0 0 0 0.2 0 0 0 0 113.7 0.1 0 
SRUMA 0 0 0 0 0 0 0 0.1 0 0.4 230.4 37.9 
SRVAL 0 0 0 0 0.1 0 0 0 0 0 0.2 0.1 
SRYFS 0 0 0 0 0 0 0 0 0 0 0 5.2 

B CLEAR GRCAT GRLMA GRLOO GRLOS IRMAI SRLSR SFMAI SNTUC SRPAH SRUMA SRYFS 

CLEAR 1 0 0 0 0.002 0 0 0.06 0.001 0 0 0 

GRCAT 0 0.873 0.005 0.003 0.001 0.001 0 0 0 0 0 0 
GRLOO 0 0.114 0.078 0.961 0.007 0.002 0 0 0 0 0 0 
GRLOS 0 0.004 0.001 0.01 0.973 0.003 0 0 0 0 0 0 
GRMIN 0 0.005 0.002 0.006 0.004 0 0 0 0 0 0 0 
GRWEN 0 0 0 0.016 0 0.001 0 0 0 0 0 0 
IRMAI 0 0.001 0.004 0 0.004 0.993 0.001 0 0 0 0 0 

SRLSR 0 0.001 0.001 0.001 0.006 0 0.999 0.005 0 0 0 0 
SFMAI 0 0 0 0 0 0 0 0.918 0 0 0 0 

SNTUC 0 0 0.001 0 0.001 0 0 0.011 0.999 0 0 0 

SRPAH 0 0 0 0 0.001 0 0 0 0 0.996 0 0 
SRUMA 0 0 0 0 0 0 0 0.005 0 0.004 0.997 0.877 
SRVAL 0 0 0 0 0 0 0 0 0 0 0.001 0.002 
SRYFS 0 0 0 0 0 0 0 0 0 0 0 0.12 

C CLEAR GRCAT GRLMA GRLOO GRLOS IRMAI SRLSR SFMAI SNTUC SRPAH SRUMA SRYFS 

CLEAR 0.996 0 0 0 0.001 0 0 0.002 0 0 0 0 

GRCAT 0 0.989 0.004 0.003 0.002 0.002 0 0 0 0 0 0 
GRLOO 0 0.101 0.051 0.833 0.012 0.004 0 0 0 0 0 0 
GRLOS 0 0.002 0 0.005 0.99 0.003 0 0 0 0 0 0 
GRMIN 0 0.25 0.071 0.286 0.357 0.036 0 0 0 0 0 0 
GRWEN 0 0 0 0.875 0.042 0.083 0 0 0 0 0 0 
IRMAI 0 0.001 0.001 0 0.003 0.994 0 0 0 0 0 0 

SRLSR 0 0.001 0.001 0.002 0.014 0 0.982 0.001 0 0 0.001 0 
SFMAI 0 0 0 0 0 0 0 1 0 0 0 0 

SNTUC 0 0 0.001 0 0.003 0.001 0 0.002 0.992 0 0.001 0 

SRPAH 0 0 0 0 0.002 0 0 0 0 0.997 0.001 0 
SRUMA 0 0 0 0 0 0 0 0 0 0.001 0.857 0.141 
SRVAL 0 0 0 0 0.25 0 0 0 0 0 0.5 0.25 
SRYFS 0 0 0 0 0 0 0 0 0 0 0 1 
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Genetic Analysis 

Genetic information can describe patterns of spatial relationships that may better 

represent true reproductive success than other approaches because it measures movement of 

genes, not individuals. With mark-recapture methods, it is difficult to assess whether fish 

captured at a location intended to (or did) successfully reproduce viable offspring.  

Here, we use a DNA microsatellite dataset to investigate spatial structure of salmon 

populations. Samples were collected from each location over at least 3 years throughout a 19-

year period. Parr were collected from 1-km stretches of river by seine or electrofishing. Parr 

from hatcheries were randomly sampled using dip nets. Fin tissue was collected from each fish 

and preserved in 95% ethanol. See Van Doornik et al. (2011) for details about which loci were 

genotyped, and for genetic processing methodology. Additional data from single nucleotide 

polymorphism (SNP) analysis are now available for Chinook and steelhead, and may prove 

invaluable in the future. 

Spatial Extent and Population Locations 

Genetic sampling locations are shown in Figure 1; the spatial extent of samples spans the 

majority, but not all, of the TRT populations.  

Population Size Estimates 

We did not attempt to estimate population size in this analysis. We consider spatial 

structure in terms of how related fish from one site are to fish at another site.  

Dispersal Probability 

This analysis differs from the others in that we do not estimate a dispersal probability 

matrix (where larger values represent a higher degree of exchange among populations). Instead, 

we calculated Cavalli-Sforza and Edwards (CSE; 1967) chord distances between each population 

pair (Table 5). Larger values represent a lower degree of relation among population pairs. CSE 

chord distances were calculated using the program PHYLIP (Felsenstein 2005).    

Using these data, we asked whether genetic distance is related to hydrologic distance. In 

other words, is there support for the hypothesis that fish located closer in space should be more 

closely related (a.k.a., the isolation-by-distance hypothesis)? To assess this, we plotted CSE 

chord distances against hydrologic distances between each sampling location.  

Limitations 

All of the usual assumptions of genetic analyses apply (e.g., Hardy-Weinberg 

equilibrium, sufficient sampling to detect effective population size, whether we are monitoring 

appropriate markers, etc.). It is worth noting that genetic samples were taken from parr; although 

this improves on our understanding of dispersal from tagging studies where we can only measure 

the presence of spawners, we should nonetheless be aware that these genetic samples do not 

represent survival of these individuals past the parr life stage. It is still unclear at what life 

stage(s) straying might be maladaptive (Hendry 2004). 

As with the mark-recapture analysis, there were TRT populations for which we had no 

genetic information. In both cases, these “holes” in the dataset complicate interpretation of 

possible source-sink dynamics. 
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Table 5. Matrix of Cavalli-Sforza and Edwards (1967) chord distances calculated using microsatellite data (bottom triangle) and 

hydrologic distance (km) between genetic sampling sites (top triangle). Sites represented with an H indicate samples at hatcheries. See 

Figure 1 for sampling locations. Guidelines represent Major Population Groups. 

Population 
WEN
_R 

CAT_
R 

CAT_
H 

UGR_
H 

UGR_
R 

IMN_
H 

IMN_
R 

LOO_
R 

LOO_
H 

LOS_
H 

LOS_
R 

MIN_
R 

RAP_
H 

SEC_
R 

STO_
R 

POV_
R 

JOH_
R 

KNX_
R 

MCC_
H 

LBIG_
R 

UBIG
_R 

MAR
_R 

PAH_
H 

DEC_
R 

SAW_
H 

VAL_
R 

Wenaha R. 0 191 191 217 217 229 229 95 95 146 146 116 279 446 469 405 432 458 423 485 527 630 618 770 758 765 

Catherine Cr. 0.018 0 0 91 91 297 297 103 103 166 166 136 415 582 605 541 567 594 559 621 662 765 754 906 893 901 

Catherine H. 0.023 0.014 0 91 91 297 297 103 103 166 166 136 415 582 605 541 567 594 559 621 662 765 754 906 893 901 

Grande Ronde H. 0.028 0.024 0.029 0 0 323 323 129 129 192 192 162 441 607 631 567 593 620 585 646 688 791 780 932 919 927 

Upper Gr. Ron. R. 0.025 0.022 0.025 0.022 0 323 323 129 129 192 192 162 441 607 631 567 593 620 585 646 688 791 780 932 919 927 

Imnaha H. 0.028 0.024 0.029 0.028 0.025 0 0 201 201 153 153 190 246 413 436 372 399 425 390 452 494 597 585 737 725 732 

Imnaha R. 0.027 0.023 0.027 0.031 0.025 0.016 0 201 201 153 153 190 246 413 436 372 399 425 390 452 494 597 585 737 725 732 

Lookingglass Cr. 0.018 0.012 0.019 0.024 0.017 0.021 0.019 0 0 70 70 41 319 486 509 445 472 498 463 525 567 670 658 810 797 805 

Lookingglass H. 0.027 0.016 0.023 0.033 0.029 0.029 0.031 0.021 0 70 70 41 319 486 509 445 472 498 463 525 567 670 658 810 797 805 

Lostine H. 0.028 0.027 0.034 0.036 0.035 0.033 0.033 0.031 0.035 0 0 59 287 454 478 414 440 466 432 493 535 638 627 779 766 774 

Lostine R. 0.026 0.021 0.029 0.027 0.026 0.028 0.028 0.022 0.030 0.019 0 59 287 454 478 414 440 466 432 493 535 638 627 779 766 774 

Minam R. 0.023 0.020 0.025 0.027 0.025 0.027 0.023 0.020 0.028 0.032 0.026 0 325 492 515 451 478 504 469 531 573 676 665 817 804 811 

Rapid R. H. 0.020 0.017 0.023 0.024 0.021 0.024 0.025 0.015 0.027 0.030 0.025 0.025 0 189 212 148 175 201 166 228 269 372 361 513 500 508 

Secesh R. 0.024 0.023 0.027 0.032 0.030 0.032 0.030 0.025 0.031 0.032 0.028 0.029 0.026 0 113 49 76 102 67 245 286 389 378 530 517 525 

Stolle Meadows 0.028 0.024 0.027 0.028 0.027 0.029 0.028 0.023 0.032 0.034 0.027 0.029 0.028 0.020 0 64 97 11 46 268 310 413 402 553 541 548 

Poverty Cr. 0.024 0.020 0.024 0.031 0.025 0.027 0.024 0.021 0.028 0.033 0.027 0.025 0.023 0.021 0.017 0 33 53 18 204 246 349 338 490 477 484 

Johnson Cr. 0.029 0.026 0.032 0.037 0.034 0.033 0.033 0.027 0.034 0.036 0.032 0.031 0.032 0.024 0.026 0.023 0 85 50 231 272 375 364 516 503 511 

Knox Bridge 0.022 0.022 0.028 0.032 0.031 0.026 0.027 0.023 0.030 0.028 0.025 0.027 0.025 0.021 0.020 0.017 0.021 0 35 257 298 402 390 542 529 537 

McCall H. 0.023 0.021 0.025 0.030 0.029 0.026 0.027 0.021 0.029 0.029 0.026 0.024 0.024 0.019 0.021 0.016 0.024 0.016 0 222 264 367 355 507 494 502 

Lower Big Cr. 0.034 0.031 0.038 0.037 0.030 0.037 0.040 0.028 0.037 0.038 0.032 0.035 0.036 0.035 0.031 0.031 0.040 0.034 0.030 0 42 164 210 362 349 356 

Upper Big Cr. 0.038 0.037 0.039 0.043 0.039 0.039 0.036 0.036 0.042 0.046 0.042 0.040 0.042 0.042 0.036 0.034 0.045 0.039 0.040 0.037 0 205 252 404 391 398 

Marsh Cr. 0.028 0.032 0.038 0.040 0.038 0.034 0.033 0.031 0.042 0.041 0.035 0.035 0.039 0.030 0.031 0.030 0.035 0.029 0.027 0.033 0.041 0 355 507 494 501 

Pahsimeroi H. 0.030 0.026 0.029 0.034 0.030 0.033 0.032 0.023 0.033 0.034 0.029 0.028 0.030 0.030 0.029 0.026 0.031 0.027 0.024 0.035 0.044 0.034 0 155 143 150 

Decker Flat 0.030 0.029 0.032 0.041 0.038 0.035 0.037 0.029 0.035 0.036 0.034 0.034 0.031 0.031 0.034 0.033 0.036 0.028 0.026 0.036 0.043 0.030 0.027 0 13 44 

Sawtooth H. 0.024 0.025 0.029 0.035 0.028 0.030 0.027 0.022 0.032 0.035 0.030 0.028 0.025 0.026 0.027 0.026 0.032 0.026 0.023 0.031 0.040 0.029 0.025 0.020 0 31 

Valley Cr. 0.029 0.031 0.038 0.041 0.036 0.035 0.037 0.029 0.037 0.043 0.036 0.035 0.035 0.033 0.034 0.033 0.038 0.034 0.033 0.038 0.049 0.032 0.030 0.030 0.026 0 
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Estimating Spatial Structure 

Transition Matrix 

For the first three methods (distance-based dispersal model, wrong turn model, and 

dispersal estimated using mark-recapture data), we described spatial structure as a matrix of 

potential transitions among populations, calculated as the product of population size and the 

probability of dispersal (Figure 5) (Fullerton et al. 2011). Diagonals represent the number of fish 

homing and recruiting to a natal population; off-diagonal elements represent emigration (lower 

triangle) or immigration (upper triangle) between each pair of populations. We then constructed 

an edge matrix populated with the weights of interaction between populations. We calculated 

weights (wji or wij) as the number of individuals immigrating into or emigrating from a 

population divided by the size of the target population (Figure 5).  

We were unable to conceive of a way to put the genetic data on equal footing with the 

other approaches for comparison, given that (a) we had no estimates of population size that were 

directly applicable to these samples and (b) the genetic data are represented as a distance matrix, 

not a similarity matrix describing the probability of inter-population dispersal. 

Graphs 

We used this information to construct graphs to evaluate differences in spatial structure 

among data types and scenarios. Nodes in these graphs represent populations. The position of a 

node is the geographical location of a population; the node diameter corresponds to population 

size. Weighted arrows, or edges, connect the populations and represent the direction and 

magnitude of dispersal among populations. Because dispersal matrices were asymmetrical, we 

calculated the net direction and magnitude of edges as the absolute value of the difference 

between immigration and emigration weights: |wij – wji|. For most analyses, we considered 

populations i and j to be connected (i.e., had an edge) if the donor population contributed more 

than 1% of total recruitment to the recipient (Schick and Lindley 2007). In other words, wij (or 

wji) > z, where z = 0.01. For genetic data, we constructed graphs directly from the CSE chord 

distance matrix, using distance values as edge weights. 

Metrics 

We calculated a suite of population-level and ESU-level metrics (Table 6) on each graph 

to help identify which populations were isolated, which were well-connected, which were most 

likely to contribute as sources or pseudo-sinks, and other properties that measured different 

aspects of connectivity. To help visualize spatial characteristics of populations (e.g, whether a 

particular population is isolated, serves as a source, etc.), we computed a principal components 

analysis (PCA) on population level metrics scaled to have unit variance. Before running the 

PCA, we log-transformed population size, node strength, and relative strength metrics to 

improve our ability to meet analytical assumptions. We then compared the plots generated for 

the distance model, wrong turn model, and tagging data to see how conclusions differed. 
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Figure 5. Illustration of the steps taken in the estimation of spatial structure for Pacific salmon. Matrix values in steps 3 and 4 are entirely hypothetical and 

intended only to illustrate the process. Adapted from Fullerton et al. 2011. 
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Table 6. Metrics calculated on each graph. Patch-level metrics act on individual populations; 

Graph-level metrics act on all populations in the ESU. 

Metric Level Description Equation
*
 

Value 

range 

Independence Patch 

 

measure of population isolation (Schick & 

Lindley 2007); higher values indicate 

greater reliance on recruitment than on 

immigration 

 
   

         
 0-1 

Node strength Patch relative contribution of a population; 

represents how pivotal a population is to 

overall graph structure; does not indicate 

whether individuals primarily emigrate 

from or immigrate into the population 

            >0 

Relative 

strength 

Patch number of fish emigrating from or 

immigrating into a population relative to 

recruitment within the population; negative 

numbers indicate net immigration and 

positive indicate net emigration 

 

 
         

   

     

 

Any 

In-Degree Patch total number of edges into a population  ∑      >0 

Out-Degree Patch total number of edges out of a population  ∑      >0 

CV of 

Population 

Size 

Graph Coefficient of variation of population 

abundances  
mean(popsize)

sd(popsize)
  >0 

Total edge 

weight 

Graph cumulative magnitude of all edge weights 

(connections among populations) 
 ∑     ∑      >0 

Connectance Graph ratio of connections (edges) to the 

maximum possible connections among all 

populations 
 

∑     ∑    

    
   

 0-1 

Unconnected 

nodes 

Graph the fraction of isolated populations with no 

connections  
∑    

    
 0-1 

Number of 

links 

Graph the total number of edges 
 ∑      ∑       >0 

*Key: si→j , number of fish emigrating from population i to population j ; sj→i , number of fish 

immigrating into population i from population j; sii , recruitment to the natal population; w, 

weight (magnitude) of dispersal among populations; e, edge (i.e., inter-population connection 

having w>0.01); ne=0, a population that has no edges; ntot, total number of populations. 
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Management Scenarios 

We investigated how alternative future system states (e.g., continued degradation caused 

by human and natural stressors or improvements expected due to conservation activities) might 

alter the spatial structure of salmon populations (Table 7). We considered existing conditions 

(scenario E) and putative historical spatial structure (scenario H). We also evaluated three 

scenarios representing increased risk: increased influence of hatchery operations on wild fish 

(scenario R1); reduced habitat quality or capacity for existing source populations (scenario R2); 

and increased mortality to all populations (such as might be caused by unfavorable ocean or 

climate conditions, or increased harvest of adults; scenario R3). 

Finally, we considered three conservation scenarios: decreased influence of hatchery 

operations on wild fish (scenario C1) and increased habitat capacity or quality for source 

populations (scenario C2) and for sink populations (scenario C3). These characterizations of 

spatial structure should enable planners to evaluate how conservation and management decisions 

could influence metapopulation-level dynamics. We suggest that these scenarios be used only to 

make relative comparisons about the types of outcomes expected under various scenarios. These 

scenarios are not meant to represent real management scenarios per se; rather, they suggest what 

we might expect under these parameterizations. In this way, they resemble a simple sensitivity 

analysis; more extensive sensitivity analyses are underway. 

The relationship between genetic distance and hydrologic distance suggested weak 

support for the isolation-by-distance model (Figure 6). It is clear from the plot that factors other 

than distance likely also contribute to population differentiation (we elaborate in the results and 

discussion). To partially account for this and to put all scenarios on equal footing, we calculated 

a modified distance matrix, multiplying the hydrologic distance matrix by the normalized genetic 

distance matrix (i.e., the raw genetics distance matrix divided by the maximum genetic distance). 

Thus, genetic distances were treated as proportional modifiers to hydrologic distances (Table 8a). 

Several TRT populations (South Fork Salmon River, Big Creek (Middle Fork), and Upper 

Salmon River) had multiple genetic sampling sites; for these, we averaged the genetic distance 

values. We also averaged hatchery and non-hatchery values for the 6 populations having both 

(Grande Ronde: Catherine Creek, Lostine River, Upper Grande Ronde, Imnaha; Salmon River: 

South Fork and Upper Mainstem). Van Doornik et al. (2011) found similar levels of diversity 

between hatchery and non-hatchery stocks within the same river, possibly due to the fact that 

these hatcheries received minimal influence from out-of-basin stocks. Ten TRT populations did 

not have genetic samples (Tucannon River; Middle Fork: Bear, Camas, Loon, Sulphur, and 

Chamberlain Creeks; Upper Salmon: lower mainstem, Lemhi, EF Salmon, and Yankee Fork); for 

these, we applied the grand mean for all genetic distances. We then fed this modified distance 

matrix into Equation 1 to estimate dispersal probabilities (Table 8b, where α was defined in 

Table 7 and c=1).  

To compare the spatial structure of salmon metapopulations predicted by scenarios, we 

conducted a PCA on the suite of graph-level metrics for all scenarios. For this analysis, 

linearizing transformations had no effect. We also computed a nonmetric multidimensional 

scaling analysis to evaluate how robust our results were. The biplots were nearly identical, so we 

chose to stick with the PCA. We then inspected the PCA biplot (first two principle components) 

to understand how each metric contributed to the spatial structure for a given scenario, and to 
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compare scenarios. This plot is analogous to the plot used by Fullerton et al. (2011; Fig. 3) to 

evaluate how human and natural stressors might influence metapopulation structure. The concept 

was based on the framework proposed by Harrison and Taylor (1997) for describing 

metapopulations. The y-axis measures “sourciness”, or the degree to which the metapopulation is 

influenced by large source populations (high values suggest “mainland-island” type 

metapopulations whereas low values suggest “classic Levins” type metapopulations). The x-axis 

measures connectivity among populations, or the degree to which animals disperse among 

populations in the metapopulation (low values suggest “isolated” populations, and high values 

suggest “patchy” or “panmictic” populations). This plot allows us to evaluate how different risk 

or conservation scenarios influence the position of a metapopulation along each of these axes. 
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Table 7. Scenarios depicting different levels of human and natural stressors. Scenarios R1, R2, 

and R3 represent conditions having higher Risk to population viability. Scenarios C1, C2 and C3 

represent Conservation scenarios.  

 Population size (mean 

population-specific 

spawner abundance 

estimates over the recent 

decade) 

Variance in population 

size (the range of 

population-specific 

abundances)* 

Dispersal parameter α 
(higher values increase 

the probability of 

dispersal to nearby 

populations) 

H: Historical (pre-

European settlement 

conditions) 

Area of watershed as 

proxy for spawner 

capacity 

No change 5 km 

E: Existing conditions “All” spawners No change 10 km 

R1: Increased Hatchery 
Influence 

“All” spawners Decrease sources by 50% 20 km 

R2: Reduced  Source 

Habitat (quality or area) 

“All” spawners Decrease sources by 50% 10 km 

R3: Increased mortality 
overall (climate, fish 

harvest, ocean) 

“All” spawners; decrease 

abundance for all 

populations by 50% 

No change 10 km 

C1: Decreased 

Hatchery Influence 

“River” spawners (“All”, 

minus the estimated 

fraction of hatchery fish) 

No change 5 km 

C2: Improved Source 

Habitat (quality or area) 

“All” spawners Increase sources by 50% 10 km 

C3: Improved Sink 

Habitat (quality or area) 

“All” spawners Increase sinks by 50% 10 km 

*Sources were identified as those populations that had more emigrants than immigrants under 

the existing scenario (i.e., positive Relative Strength values); sinks had more immigrants than 

emigrants.
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Figure 6. Genetic distances from microsatellite data (y-axis) versus hydrologic distance (km) 

between genetic sampling sites (x-axis) for (A) Salmon River sites, represented as Fst/(1-Fst), 

and (B) Salmon River and Grande Ronde sites combined, represented as Cavalli-Sforza and 

Edwards (1967) chord distances. Abbreviations: BC = Big Creek (Middle Fork); MF = Middle 

Fork Salmon; SF = South Fork Salmon; MS = upper Salmon River mainstem.  
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Table 8a. Matrix of distances (km) used for scenarios. Distances are hydrologic distances between populations multiplied by 

normalized genetic distances. Abbreviations are as in Table 1 and guidelines denote Major Population Groups. 

 

GR-
CAT 

GR-
LOS 

GR-
MIN 

GR-
UMA 

GR-
WEN 

IR-
MAI 

MF-
BEA 

MF-
BIG 

MF-
CAM 

MF-
LOO 

MF-
MAR 

MF-
SUL 

SR-
CHA 

SF-
EFS 

SF-
MAI 

SF-
SEC 

SN-
TUC 

SR-
EFS 

SR-
LEM 

SR-
LMA 

SR-
PAH 

SR-
UMA 

SR-
VAL 

SR-
YFS 

GRCAT  20 24 23 42 116 455 446 379 390 540 442 273 307 179 263 221 500 405 406 419 527 644 528 

GRLOS   11 50 37 118 435 456 360 371 554 423 254 335 196 295 202 481 386 387 469 600 695 509 

GRMIN    52 40 91 436 435 361 372 521 424 254 311 184 287 212 482 387 388 408 553 630 510 

GRUMA     78 147 482 490 407 417 636 469 300 404 245 356 248 527 432 433 528 682 750 556 

GRWEN      71 396 373 321 332 382 384 214 252 134 209 162 442 347 348 403 444 477 470 

IRMAI       331 304 256 267 380 318 149 209 89 197 139 377 281 283 363 457 515 405 

MFBEA        95 77 66 1 15 182 224 233 224 460 274 178 180 229 316 317 302 

MFBIG         20 31 119 83 88 186 162 169 366 180 84 86 180 284 331 208 

MFCAM          13 77 64 107 149 158 148 385 198 103 105 153 241 242 227 

MFLOO           66 53 117 159 169 159 396 209 114 115 164 252 252 238 

MFMAR            14 182 262 231 230 460 273 178 180 265 319 349 302 

MFSUL             169 211 220 211 448 261 166 167 216 304 304 289 

SRCHA              42 51 42 279 227 132 134 182 270 271 256 

SFEFS               71 2 317 269 174 175 234 361 398 298 

SFMAI                61 227 279 184 185 213 304 365 307 

SFSEC                 317 269 174 175 227 306 353 298 

SNTUC                  506 411 412 461 549 549 534 

SREFS                   96 94 46 44 45 30 

SRLEM                    2 51 139 139 124 

SRLMA                     49 137 137 122 

SRPAH                      77 91 74 

SRUMA                       3 15 

SRVAL                        16 

SRYFS                         
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Table 8b. Matrix of dispersal probabilities (based on the distance matrix in Table 8a) used for scenarios. Abbreviations are as in Table 

1 and guidelines denote Major Population Groups. Columns = sources; rows=recipients. 

 

GR-
CAT 

GR-
LOS 

GR-
MIN 

GR-
UMA 

GR-
WEN 

IR-
MAI 

MF-
BEA 

MF-
BIG 

MF-
CAM 

MF-
LOO 

MF-
MAR 

MF-
SUL 

SR-
CHA SF-EFS 

SF-
MAI SF-SEC 

SN-
TUC SR-EFS 

SR-
LEM 

SR-
LMA 

SR-
PAH 

SR-
UMA 

SR-
VAL SR-YFS 

GRCAT 0.9634 0.0174 0.0072 0.0097 0.0002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRLOS 0.0191 0.8774 0.1057 0 0.0007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRMIN 0.0078 0.1046 0.8868 0 0.0003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRUMA 0.0095 0.0000 0.0000 0.9902 0.0000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

GRWEN 0.0002 0.0006 0.0003 0 0.9988 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

IRMAI 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFBEA 0 0 0 0 0 0 0.5518 0 0 0 0.4180 0.0486 0 0 0 0 0 0 0 0 0 0 0 0 

MFBIG 0 0 0 0 0 0 0 0.9806 0.0162 0.0019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFCAM 0 0 0 0 0 0 0 0.0174 0.9117 0.0732 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFLOO 0 0 0 0 0 0 0 0.0020 0.0722 0.9249 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

MFMAR 0 0 0 0 0 0 0.4184 0 0 0 0.5514 0.0501 0 0 0 0 0 0 0 0 0 0 0 0 

MFSUL 0 0 0 0 0 0 0.0298 0 0 0 0.0306 0.9013 0 0 0 0 0 0 0 0 0 0 0 0 

SRCHA 0 0 0 0 0 0 0 0 0 0 0 0 0.9995 0.0001 0 0.0001 0 0 0 0 0 0 0 0 

SFEFS 0 0 0 0 0 0 0 0 0 0 0 0 0.0002 0.5873 0 0.4126 0 0 0 0 0 0 0 0 

SFMAI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

SFSEC 0 0 0 0 0 0 0 0 0 0 0 0 0.0002 0.4126 0 0.5873 0 0 0 0 0 0 0 0 

SNTUC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0.0000 0 0 0 0 0 0 

SREFS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.9971 0 0 0.0001 0.0001 0.0001 0.0023 

SRLEM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.6088 0.3912 0 0 0 0 

SRLMA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3912 0.6088 0.0001 0 0 0 

SRPAH 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0.9998 0 0 0 

SRUMA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0 0.6186 0.3541 0.0417 

SRVAL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0 0.3532 0.6201 0.0381 

SRYFS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0025 0 0 0 0.0281 0.0257 0.9179 
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Results 

The characterization of spatial structure of spring/summer Chinook salmon populations in 

the Snake River differed depending on the underlying method from which dispersal rates were 

estimated. The distance-based dispersal model suggested a very low level of exchange among 

populations (Figure 7), with most movement occurring within a major population group. The 

majority of populations were highly independent, with 8 populations having no connections to 

any other population, many having a connection to only one other population, and 7 populations 

acting as sources; Table 9).  

In contrast, the mechanistic (wrong turn) model suggested a much higher level of 

interaction among populations (Figure 8); in most cases, dispersal occurred in a downstream 

direction (i.e., fish migrating upriver strayed into tributaries along the way, especially into the 

Tucannon). This model predicted reasonably high independence for most populations, yet there 

were only two populations having no connections, and the majority had connections to numerous 

other populations (Table 10). Clearly, this model does not represent the way that fisheries 

biologists believe these populations interact with one another. Perhaps inclusion of covariates 

will improve its utility. 

The graph constructed using coded-wire tag data suggested that populations are rather 

isolated (Figure 9; Table 11). The most interactions occurred within the Grande Ronde/Imnaha 

major population group; dispersal among Snake River populations was much lower. Of note, fish 

tagged in Grande Ronde and Salmon River watersheds were detected in the Clearwater but not 

the reverse. This is the only data source that considered exchange with the Clearwater. Also of 

note is the apparent anomaly of high straying between the Yankee Fork and the Upper Salmon 

River. This likely reflects the fact that fish reared at the Sawtooth hatchery (located in the Upper 

Salmon), and released in the Yankee Fork, were merely returning to their hatchery of origin. For 

this dataset, it is important to remember that there are unrepresented populations (where no tags 

were released or recovered) that, if included, could alter the spatial relationships. 

The nature of the genetic analysis was fundamentally different than the other approaches; 

thus we were not able to make direct comparisons. Nonetheless, the spatial graph constructed 

using genetic distances supported the observation from coded wire tag data that there were more 

connections among populations within the Grande Ronde/Imnaha MPG than there were among 

populations in the Snake River MPG, and that populations within MPGs were more closely 

related to one another than to populations from another MPG (Figure 10). There were some 

relationships between the Grande Ronde and Little Salmon/Rapid Rivers that may reflect past 

hatchery operations (e.g., nonlocal brood stock). For instance, the Rapid River hatchery stock 

was founded from Hells Canyon fish and should be similar to Imnaha stocks. The coded wire tag 

dataset indicated that some Grande Ronde fish were captured in the Little Salmon River, but not 

the reverse. The modeled datasets do not consider potential current or past interactions with fish 

from these rivers.  
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Figure 7. Graph illustrating connections (blue arrows) among populations (gray circles) 

predicted by the distance-based dispersal model. Edge strength is represented by line thickness; 

population size is represented by circle diameter. The threshold for including connections was set 

to dispersal probabilities >0.01. Yellow polygons are 4
th

 field Hydrologic Units; Population 

names are defined in Table 1. Inset: dispersal probability versus hydrologic distance (α = 5, c=1). 

Note: blue arrows are difficult to see because very little dispersal was predicted to occur 

between populations using this model. 
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Table 9. Population-level metrics output from the distance model (α=5, c=1). Population names 

are defined in Table 1 and guidelines denote Major Population Groups. 

Populations 
Population 

size 
Indepen- 

dence 
Node 

Strength 
Relative 
Strength 

In-
degree 

Out-
degree 

GRCAT 216 0.9953 1 -0.465 0 0 

GRLOS 694 0.9582 47 1.353 0 1 

GRMIN 493 0.9615 46 -1.688 1 0 

GRUMA 55 1 0 0 0 0 

GRWEN 478 1 0 0 0 0 

IRMAI 1462 1 0 0 0 0 

MFBEA 342 0.5965 191 41.667 0 1 

MFBIG 207 0.9952 1 0.485 0 0 

MFCAM 161 0.9752 6 1.274 0 1 

MFLOO 42 0.9762 5 -7.317 1 0 

MFMAR 131 0.5954 189 -106.410 1 0 

MFSUL 67 0.9701 6 -3.077 0 0 

SRCHA 558 1 0 0 0 0 

SFEFS 344 0.6541 403 -73.333 1 0 

SFMAI 1511 1 0 0 0 0 

SFSEC 821 0.6541 403 30.726 0 1 

SNTUC 366 1 0 0 0 0 

SREFS 352 1 0 0 0 0 

SRLEM 74 0.6622 78 -57.143 1 0 

SRLMA 154 0.6558 78 27.723 0 1 

SRPAH 286 1 0 0 0 0 

SRUMA 473 0.7019 165 34.639 0 1 

SRVAL 84 0.7024 163 -191.525 1 0 

SRYFS 60 0.9833 6 -3.390 0 0 
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Figure 8. Graph illustrating connections (blue arrows) among populations (gray circles) 

predicted by the wrong turn dispersal model. Edge strength is represented by line thickness; 

population size is represented by circle diameter. The threshold for including connections was set 

to dispersal probabilities >0.01.Yellow polygons are 4
th

 field Hydrologic Units; Population 

names are defined in Table 1. Inset: caricature of the wrong turn model (pc = 0.99). 
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Table 10. Population-level metrics output from the mechanistic (wrong turn) model (pc=0.99). 

Population names are defined in Table 1 and guidelines denote Major Population Groups. 

Populations 
Population 

size 
Indepen- 

dence 
Node 

Strength 
Relative 
Strength 

In-
degree 

Out-
degree 

GRCAT 216 0.9444 44 -10.784 5 0 

GRLOS 694 0.9409 65 2.297 0 4 

GRMIN 493 0.9412 44 3.017 0 4 

GRUMA 55 0.9455 38 -57.692 12 1 

GRWEN 478 0.9540 72 -6.140 4 3 

IRMAI 1462 0.9617 115 -0.782 0 3 

MFBEA 342 0.8801 41 12.957 0 1 

MFBIG 207 0.9179 31 -2.632 1 0 

MFCAM 161 0.9068 25 0.685 0 2 

MFLOO 42 0.9048 8 -21.053 4 0 

MFMAR 131 0.8779 15 7.826 0 1 

MFSUL 67 0.8955 12 6.667 0 5 

SRCHA 558 0.9319 72 0.000 3 1 

SFEFS 344 0.9360 43 -0.932 2 1 

SFMAI 1511 0.9404 142 2.674 1 7 

SFSEC 821 0.9367 69 4.291 0 2 

SNTUC 366 0.9891 91 -24.033 7 0 

SREFS 352 0.9034 39 9.119 0 1 

SRLEM 74 0.9054 25 -25.373 2 0 

SRLMA 154 0.8896 47 -16.788 3 0 

SRPAH 286 0.9056 36 6.950 0 3 

SRUMA 473 0.9049 49 9.112 0 5 

SRVAL 84 0.9048 13 -3.947 0 0 

SRYFS 60 0.9167 10 -3.636 0 0 
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Figure 9. Graph illustrating connections (blue arrows) among populations (gray circles) as 

represented by donor-based stray rates estimated from coded-wire tag data. Edge strength is 

represented by line thickness; population size is represented by circle diameter. The threshold for 

including connections was set to dispersal probabilities >0.01. Yellow polygons are 4
th

 field 

Hydrologic Units; Population names are defined in Table 1. 
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Table 11. Population-level metrics output from the coded wire tag dataset for populations for 

which we had data to make estimates. Population names are defined in Table 1 and guidelines 

denote Major Population Groups. 

Populations 
Population 

size 
Indepen- 

dence 
Node 

Strength 
Relative 
Strength 

In-
degree 

Out-
degree 

CLEAR 530 1.0000 2.0 -0.378 1 0 

GRCAT 137 0.8733 18.7 13.428 0 1 

GRLMA 101 0.9079 10.1 9.269 0 1 

GRLOO 135 0.9615 31.3 -16.102 2 2 

GRLOS 284 0.9733 10.4 1.735 1 0 

IRMAI 298 0.9933 3.7 0.101 0 0 

SRLSR 129 0.9992 2.5 -1.783 0 0 

SFMAI 18 0.9185 1.5 8.876 0 2 

SNTUC 94 0.9989 0.9 -0.742 1 0 

SRPAH 114 0.9965 0.7 0.088 0 0 

SRUMA 231 0.9974 39.0 -16.406 1 0 

SRYFS 43 0.1204 38.0 730.769 0 1 
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Figure 10. Graph illustrating connections (blue arrows) among populations (gray circles) as 

represented by genetic CSE chord distances. Edge strength is represented by line thickness; 

population size is not part of this analysis. The threshold for including connections was set to 

chord distances < 0.02 (range: 0.0123 – 0.0494). Yellow polygons are 4
th

 field Hydrologic Units; 

Site names are defined in Table 5. 
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When we plotted genetic distances (Cavalli-Sforza and Edwards chord distances) against 

hydrologic distances (stream km), we found positive but weak support for an isolation-by-

distance model, both for populations in the Salmon River (Figure 6A) and for all Snake River 

spring/summer Chinook populations (Figure 6B). It appears that the relationship may be stronger 

for particular combinations of populations (Figure 6A). In particular, populations that are located 

at the “trunks of the stream tree”, or nearer to the mainstem Snake or Salmon Rivers, are more 

closely related than are populations within the same fork (e.g., a population near the confluence 

versus one in the headwaters of that river).  

The PCA plots summarizing population-level metrics for each analysis approach further 

illustrate how the interpretation of inter-population relationships can differ depending on the data 

source (Figure 11). The two distance models (hydrologic distance, and hydrologic-genetic 

distance hybrid) predicted relatively similar results, although the position of populations with 

respect to each metric is different in a number of cases. Otherwise, very few similarities exist 

across plots constructed from different data sources. The Tucannon (SNTUC) usually appears to 

be one of the most isolated populations, which is consistent with general trends from the 

hatchery monitoring program, although fish have been shown to stray into the Tucannon from 

Grande Ronde and Salmon River populations, and Tucannon River hatchery fish have strayed 

out of basin (Gallinat and Ross 2011). The Upper Salmon River (SRUMA) tends to act like a 

source in most cases (though not the coded wire tag analysis). Metrics calculated across all 

populations (e.g., at the ESU level) also suggest divergent structures (Table 12), suggesting the 

need for both further research into appropriate methods for representing dispersal and for caution 

in interpreting results. 

Proceeding with appropriate caution, we can use the scenario analysis to make relative 

comparisons about how natural and anthropogenic stressors might influence spatial structure. 

The population-level summary was relatively similar to that for the hydrologic distance model 

(Figure 11B; Table 13). When viewing the ESU-level response of metapopulation structure to 

the scenarios, we can make some general conclusions (Figure 12; Table 14). First, altering the 

size of all populations proportionally has very little effect; compare the Existing (E) and 

Increased Spawner Mortality (R3) scenarios. This is not surprising because inter-population 

connections are proportional to population size, so increasing or decreasing them all by the same 

proportion should not alter the strength of interactions. Second, the Historical (H) and Decreased 

Hatchery Influence (C1) scenarios had the highest levels of isolated populations, whereas the 

Increased Hatchery Influence (R1) scenario had the highest connectivity. This difference was 

primarily driven by the change in the alpha parameter in the dispersal model, and to a small 

degree by our characterization of population size (where H used watershed size, C  used ‘river 

spawners’ and R  used ‘all spawners’). Third, altering the size of source populations has a small 

effect on both “sourciness” and “connectivity”; compare the Improved Source Habitat (C2) and 

Reduced Source Habitat (R2) scenarios. Similarly, increasing the size of sink populations 

(Improved Sink Habitat; C3) is intermediate, but closer to R2. There appear to be interactive 

effects between “sourciness” and “connectivity”. For instance, compare the Increased Hatchery 

Influence (R1) and Decreased Source Habitat (R2) scenarios. The only thing that differed 

between these scenarios was alpha (a parameter influencing dispersal rate); yet R2 exhibits 

higher “sourciness” than R . Finally, watershed area may be a reasonable proxy for wild fish; 

compare the Historical (H) scenario with the Decreased Hatchery Influence (C1) scenario, where 
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only ‘river spawning’ fish are included. An important caveat here is that recent river-spawning 

fish abundances reflect any effects of past interaction with hatchery fish. 

 

 

 

 

Table 12. Graph-level metrics summarized for each method. Patch-level metrics are calculated 

for each population; graph-level metrics are calculated across populations. Because the genetics 

graph was computed in the absence of population sizes, we could not calculate population-level 

metrics. 

 
Level 

Distance 
Model 

Wrong 
turn Model 

Mark 
Recapture Genetics 

CV(Pop size) Patch 0.790 0.790 0.975 NA 

Independence* Patch 0.976 0.917 0.983 NA 

Node strength* Patch 6 42 2.8 NA 

Relative strength* Patch 0 -0.391 -0.378 NA 

Total edge weight Graph 4.28 2.93 2.26 20.16 

Connectance Graph 0.011 0.080 0.033 0.055 

Unconnected nodes Graph 0.50 0.083 0.333 0.346 

No. Links Graph 6 44 7 36 

*Medians 
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Table 13. Population-level metrics output from the distance model that we used as a basis for 

scenarios. The distance matrix used was hydrologic distances weighted proportionally by genetic 

distances (see text), and parameters were those for the existing conditions scenario (Table 7: E; α 

= 10km). We provide this as a comparison with the original distance model, which did not 

modify hydrologic distances by genetic distances (Table 8), and which used an α of 5km. 

Population names are defined in Table 1 and guidelines denote Major Population Groups. 

Populations 
Population 

size 
Indepen- 

dence 
Node 

Strength 
Relative 
Strength 

In-
degree 

Out-
degree 

GRCAT 216 0.7454 161 -31.677 3 1 

GRLOS 694 0.6585 389 18.600 0 2 

GRMIN 493 0.6856 335 -7.396 2 1 

GRUMA 55 0.8909 26 -32.653 1 0 

GRWEN 478 0.9435 48 1.330 0 2 

IRMAI 1462 0.9986 1 0.068 0 0 

MFBEA 342 0.4737 244 70.370 0 2 

MFBIG 207 0.8502 47 8.523 0 2 

MFCAM 161 0.7081 79 13.158 1 1 

MFLOO 42 0.7381 50 -96.774 2 0 

MFMAR 131 0.4733 221 -133.871 1 1 

MFSUL 67 0.6716 75 -68.889 2 0 

SRCHA 558 0.9642 38 0.000 1 2 

SFEFS 344 0.5407 539 -118.817 2 0 

SFMAI 1511 0.9907 17 0.601 0 1 

SFSEC 821 0.5384 546 47.964 1 1 

SNTUC 366 1.0000 0 0.000 0 0 

SREFS 352 0.9233 35 5.846 0 3 

SRLEM 74 0.5541 103 -90.244 2 0 

SRLMA 154 0.5519 104 40.000 1 1 

SRPAH 286 0.9755 11 1.075 0 2 

SRUMA 473 0.5053 279 79.079 1 2 

SRVAL 84 0.5119 233 -351.163 2 1 

SRYFS 60 0.6833 95 -139.024 3 0 
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Figure 11. Principal component analysis on population level metrics from (A) the distance 

model (Table 9); (B) the distance model used in scenarios (hydrologic distances weighted 

proportionally by genetic distances; Table 13); (C) wrong turn model (Table 10); and (D) coded 

wire tag dataset (Table 11). Population names are in blue text (see Table 1) and patch metrics are 

represented by purple arrows (see Table 6). Gray labels are intended to aid interpretation. 

Percentages in axis labels are the amount of variance explained by that axis. Note: we could not 

compute PCA on the genetics dataset because that analysis did not incorporate population size, a 

necessary prerequisite for constructing patch metrics. 
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Table 14. Graph metrics for each scenario. Values in parentheses are expressed as absolute 

proportions of Existing scenario metrics, for comparison. Values <1 times larger are in gray; 

values 1-2 times larger are in green; values 2-5 times larger are in blue; values > 5 are in orange.  

 H: 
Historical 

E: 
Existing 

R1: 
Increased 
Hatchery 
Influence 

R2: 
Decreased 

Source 
Habitat 

R3: 
Increased 
spawner 
mortality 

C1: 
Decreased 
Hatchery 
Influence 

C2: 
Increased 

Source 
Habitat 

C3: 
Increased 

Sink 
Habitat 

CV (Pop’l 
size) 

1.288 
(1.30) 

0.989 1.977 
(2.00) 

1.977 
(2.00) 

0.989 
(1.00) 

1.268 
(1.28) 

0.663 
(0.67) 

1.107 
(1.12) 

Indepen-
dence* 

0.914 
(1.31) 

0.697 0.495 
(0.71) 

0.695 
(1.00) 

0.696 
(1.00) 

0.915 
(1.31) 

0.693 
(0.99) 

0.697 
(1.00) 

Node 
strength* 

123.5 
(1.42) 

87 266.5 
(3.06) 

161 
(1.85) 

66 
(0.76) 

20 
(0.23) 

49 
(0.56) 

100 
(1.15) 

Relative 
strength* 

0.000 
(0) 

0.034 -0.132 
(3.88) 

0.522 
(15.35) 

0.046 
(1.35) 

0.000 
(0) 

-0.072 
(2.12) 

0.345 
(10.15) 

Total edge 
weight 

4.345 
(0.58) 

7.503 11.085 
(1.48) 

7.287 
(0.97) 

7.496 
(1.00) 

6.068 
(0.81) 

11.083 
(1.48) 

6.948 
(0.93) 

Connect-
ance 

0.024 
(0.53) 

0.045 0.078 
(1.73) 

0.047 
(1.04) 

0.047 
(1.04) 

0.024 
(0.53) 

0.036 
(0.80) 

0.045 
(1.00) 

Unconn. 
nodes 

0.292 
(3.52) 

0.083 0.042 
(0.51) 

0.083 
(1.00) 

0.083 
(1.00) 

0.292 
(3.52) 

0.167 
(2.01) 

0.083 
(1.00) 

No. Links 13 
(0.52) 

25 43 
(1.72) 

26 
(1.04) 

26 
(1.04) 

13 
(0.52) 

20 
(0.80) 

25 
(1.00) 

*Medians 
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Figure 12. This plot characterizes the type of metapopulation predicted for the Snake River 

spring/summer Chinook salmon ESU for a variety of scenarios (scenario names, blue, are 

described in Table 7; metrics, purple, are described in Table 6). Principal component scores were 

computed from graph metrics in Table 14.  The gray labels and cartoons represent 

metapopulation characterizations proposed by Harrison and Taylor (1997). 
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Discussion 

Our analyses suggest that conclusions about spatial structure are highly sensitive to the 

underlying data and analytical approach for assessing dispersal among populations.  

Intuitively, all else being equal, we might expect that individuals in nearby populations 

would be more related than those distant to one another. The distance-based dispersal model, 

commonly used in data sparse situations (e.g., Clark et al. 1998, Schick and Lindley 2007, 

Fullerton et al. 2011), may be less appropriate in this system where populations are hierarchically 

located within a dendritic stream network. Genetic analysis provided weak but positive support 

for an isolation-by-distance relationship in our study system, suggesting that dispersal events are 

indeed related to the proximity between populations. However, our data also suggested a 

possible hierarchical spatial relationship caused by the dendritic nature of streams, where 

populations nearer to river mouths were more closely related to each other than they were to 

populations further upstream in the same river. Primmer et al. (2006) and Olsen et al. (2008) 

found a similar pattern for Atlantic salmon in Russia and chum salmon in Alaska. This pattern 

may reflect adaptations by these populations to similar hydrologic regimes. 

Past hatchery practices may also influence the relationship between genetic and 

hydrologic distance. Despite this possibility, several studies suggest that genetic diversity for 

Chinook salmon in our study area has remained relatively stable over time. In a study 

encompassing 3-4 generations of Chinook salmon in the Salmon River, Idaho, Van Doornik et 

al. (2011) found no evidence of change in the level of genetic diversity within 8 populations, nor 

change in the genetic structure among populations, despite extensive releases of hatchery-raised 

fish into the system. The lack of change was attributed to the populations having maintained a 

sufficiently large effective size, and the use of native fish for hatchery brood stocks. Similarly, in 

the Grande Ronde and Imnaha river basins, Van Doornik et al. (in prep) found no loss of genetic 

diversity over 20-50 years in 7 Chinook salmon populations. Introgression from one hatchery 

stock did appear to have had a lasting effect on two of the native populations. In this case, the 

stock used in the hatchery did not originate from native stocks. Similarly, Ford and Murdoch 

(2012) found that patterns of differentiation for Chinook salmon within the Wenatchee River 

basin were similar to those from 20 years ago despite the high proportion of hatchery fish 

spawning there. They concluded that hatchery spawners therefore must not be contributing fully 

to gene flow. This finding suggests that mark-recapture studies using primarily hatchery-reared 

fish likely do not capture true rates of dispersal.  

Factors other than distance likely play a role in dispersal. Such factors include stream 

characteristics (e.g., size, chemical composition, flow), characteristics inherent to species, life 

history strategies (e.g., fall versus spring runs), age, and biological interactions (e.g., gender-

specific mating behaviors) (Keefer and Caudill 2012; Neville et al. 2006; Westley et al. this 

document). Moreover, there may be year-to-year variation associated with both environmental 

(e.g., good versus harsh climate regimes; fish transported through the hydropower system or not) 

and biological drivers (e.g., high versus low abundances of conspecifics). We explored a simple 

model meant to address one mechanism for straying. That is, the concept that fish must make a 

decision about which fork to ascend at every tributary junction. Schick and Lindley (2007) found 

very similar results between this model and the distance-based dispersal model in the San 

Joaquin and Sacramento River network (California). Here, we found this model to perform 
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poorly, perhaps due to the nested structure of populations within the highly dendritic Snake 

River basin. Thus, we do not recommend further interpretation of this approach at this time. In 

the future, we hope to improve this model by including some of the other drivers discussed 

above. 

The spatial scale at which dispersal is measured is also likely to influence findings. For 

instance, several studies (Neville et al. 2006, Hamann and Kennedy 2012, Quinn et al. 2012) 

suggest a very fine spatial structure within what we considered to be one population. Even at a 

similar spatial scale, it is possible, even likely, that analyses are impacted by which set of 

populations were considered. That is, by omitting populations (e.g., unlisted ones) that are 

interacting with the study populations in unknown ways, we may be missing some important 

insights about spatial structure. Each of the approaches we used encompassed a different set of 

populations. For instance, our only insight about interaction between the Clearwater River 

system and the study populations was provided by coded wire tag data. Similarly, we have 

information from both coded wire tag and genetic datasets about interactions between listed 

populations and the Little Salmon/Rapid River system; these interactions were not captured by 

the models. The Middle Fork Salmon River has no hatcheries, and thus no coded wire tag 

entries; genetic analyses are our only source of information for the Middle Fork Salmon River.  

Despite the differences in approaches, we were able to identify several similarities 

predicted by most approaches. First, there appears to be more interaction among populations 

within the Grande Ronde basin than among populations within the Salmon River, and there was 

very little support for interaction between major population groups in general. There was some 

support that the Tucannon River and some of the upper-most Salmon River populations may be 

the most isolated from other populations. Thus, these populations appear to be important foci for 

conservation efforts in order to maintain existing diversity within these ESUs. Our analyses also 

suggest places where additional monitoring efforts may pay big dividends in terms of 

understanding spatial structure. Targeted studies that evaluate the relationship among these 

populations using PIT tag techniques may enhance existing understanding about dispersal 

provided by genetic analyses. Populations within the Middle Fork Salmon River Major 

Population Group may be an important conservation focus because of our limited understanding 

about how hatchery strays from the South Fork or Upper Salmon might impact these un-

supplemented populations (e.g., hatchery-origin strays from other basins have been recovered in 

Big Creek; Young and Blenden 2011). 

Our scenario analysis highlights some general considerations for managing populations, 

in spite of uncertainty about population-specific dispersal rates. We provide a “historical” 

scenario merely for comparison. Because we really do not have a strong sense for how historical 

populations were spatially structured, and because we are unlikely to turn back the clock, 

managers will need to decide how to move forward. Many past and ongoing conservation efforts 

aim to improve habitat conditions for specific populations, with the assumption that improved 

habitat quality or quantity will increase survival or capacity for juvenile life stages. Several 

authors (e.g., Cooper and Mangel 1999) have warned that consideration only of habitats where 

fish are currently abundant may be misleading if these areas are in fact sinks that would not be 

sustained if the habitat supporting their source populations were to be degraded or lost. Our 

analyses suggest that improvements to source habitats do yield improvements in terms of 

increasing “sourciness” of the  SU, and that improvements to sink habitat have the opposite 
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effect. However, in our model, changes to dispersal rates had far greater impacts, primarily in 

how well connected populations were to one another, and secondarily in the degree of 

“sourciness” predicted for the  SU as a whole (due to interactive effects). This suggests that 

increased monitoring efforts to improve our understanding of dispersal mechanisms should be a 

high priority, since dispersal processes have a high potential to influence how ESU spatial 

structure will evolve. Interestingly, broad scale drivers such as climate change or altered ocean 

conditions that affect productivity for all populations proportionally may have little influence on 

spatial structure. In our analysis, a decrease in the number of all spawners by 50% had no 

noticeable effects on source-sink dynamics. That said, there are likely demographic thresholds at 

low population abundances that could have substantial influence on population structure; we did 

not model this scenario.  

Here, we have provided a framework for assessing existing spatial structure for Snake 

River spring/summer Chinook salmon, and for evaluating how alternative management and 

conservation actions might alter metapopulation dynamics. In the near future, we intend to 

expand the analyses described above to spring Chinook salmon in the Upper Columbia ESU, and 

to fall Chinook salmon and steelhead in the region. For all species, we will improve existing 

analyses by (1) incorporating PIT tag data for estimating stray rates of wild fish; (2) expanding 

CWT recaptures to population abundance estimates; (3) continuing to evaluate the utility of a 

more complex mechanistic dispersal model by incorporating biological and environmental 

covariates; and (4) conducting sensitivity analyses to evaluate the influence of model structure 

and parameter values on predicted spatial structure. 
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Introduction 

Allele frequency data is commonly used to estimate population structure and connectivity 

(Weir 1996, Hanski and Gilpin 1997), and may be an important tool in identifying management 

units for conservation (Palsboll et al. 2007). Historically, many genetic analyses have integrated 

over time (assuming relatively constant temporal trends) or space, and have used genetic distance 

or Fst to infer structure between subpopulations (Figures 1-2). In addition to identifying 

structure, genetic data may be useful in identifying demographic rates such as migration 

(Hellberg et al. 2002, Pearse and Crandall 2004) or estimating effective population sizes (Waples 

and Do 2008). All of these types of inference are sensitive to changes over time or space (Wang 

and Whitlock 2003).  The objective of this analysis is to explore whether changing patterns of 

allele frequencies may be useful in inferring structure. 

In quantifying metapopulation structure, it is important to evaluate where populations lie 

on a gradient from complete independence to complete panmixia. Populations that can’t be 

defined by either extreme may be positively or negatively correlated; quantifying the sign and 

magnitude of this correlation between populations can be important in identifying mechanisms 

responsible for correlations, and evaluating population viability analyses (Beissinger and 

McCullough 2002). Time series of allele frequencies from two populations may be correlated 

(but independent) if they tend to covary, as a result of similar selective pressures, low gene flow 

between populations, or intervention (from hatchery influences, for instance). In a completely 

panmictic situation, time series of allele frequencies would be perfectly correlated, but they 

would also have the same mean. Following previous analyses, we use statistical model selection 

tools to evaluate the data support for different hypotheses about metapopulation structure (Ward 

et al. 2010).  

Multivariate autoregressive state-space models (MARSS) have recently showed promise 

in evaluating population structure, applied to time series of abundance, or population 

productivity (such as recruits/spawner; (Ward et al. 2010, Holmes et al. 2012)). These tools have 

been used to evaluate a gradient of population structure, including both independence and 

panmixia (Hinrichsen 2009, Hinrichsen and Holmes 2009). Because they allow for the inclusion 

of covariates, these approaches also offer the ability to evaluate data support for different 

hypotheses responsible for correlation (see Jorgensen et al., this work).   
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Figure 1. Genetic distance map of Snake River ESU (J. Jorgenson, PopID document).  
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Figure 2. Mean allele frequencies versus annual trends, calculated for 8 loci, from all 

populations included in this analysis. Populations are labeled by ID (‘G’ = Grande Ronde / 

Imnaha, ‘U’ = Upper Salmon, ‘S’ = South Fork Salmon, ‘M’ = Middle Fork Salmon). 
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The primary objective of this paper is to present a preliminary analysis examining 

whether multivariate time series of allozyme or microsatellite data can be useful in estimating 

population correlation. Comparing these results to similar analyses of demographic parameters 

(Jorgensen et al., this work) may help us in identifying why populations may appear genetically 

independent but demographically correlated (or in evaluating other differences). If some degree 

of synchrony or correlation is found between populations, these models will be useful in 

estimating other demographic parameters (e.g. migration rates). There are several limitations of 

our approach; first, because the datasets used here are relatively short and sparse (lots of missing 

years), we weren’t able to evaluate whether correlations have changed over time scales longer 

than ~ 10 years. Second, we only examined correlations at a population level (estimated 

correlations across all loci, rather than the distribution of correlations for each locus). 

 

Methods 

Data 

Extensive microsatellite and allozyme data have been collected from Columbia River 

spring/summer Chinook salmon populations. We considered collections for this study’s 

populations over the period from 1988-2008. Each dataset was analyzed separately, because of 

differences in the time periods and populations collected (allozyme data having been collected 

from more populations, but over a shorter time window, ending in 2002).  

Populations or hatcheries with at least 5-9 years of microsatellite data over the period 

1988-2008 included Catherine Creek, Grande Ronde River, Imnaha River Hatchery, Imnaha 

River, Lookingglass Creek Hatchery, Lostine River, Minam River, and the Wenaha River. 

Between 6 and 51 alleles were observed at each of 12 loci ( ̅ = 27.6).  Locus information and 

genotyping methods can be found in (Van Doornik et al. 2011).  We focused on the most 

variable alleles over time and populations (alleles in parentheses): Ogo2 (214), Ogo4 (158), 

Oki100 (244), Omm1080 (322), Ots201b (222), Ots208b (218), Ots211 (276), Ots212 (151), 

Ots213 (278), Ots3m (148), Ots9 (105), Ssa408 (196). Choosing the most variable allele at each 

locus was necessary because of assumptions in our models about approximate normality.  

Allozyme data were primarily collected over the period 1988-2002, with approximately 

100 fish targeted for sampling in each population in most return years. After 2002, sampling was 

greatly reduced (because of concerns about lethal sampling). Several locations had multiple 

samples from hatchery and natural born individuals. With the exception of the Lookingglass 

Creek hatchery (which used fish from a different location, Rapid River; Waples et al. 1993), all 

hatcheries sampled returning wild- and hatchery-origin fish, making each population relatively 

homogenous. Thus, all samples from each population in each year were combined (doing so is 

also supported by estimated genetic distances; Waples et al. 1993, Fig. 5). Because some samples 

were collected from juveniles, and others from adults, brood year was used as the time period 

(reflecting the time or birth, rather than the time of return). For each individual collected, 

allozyme data was collected at 33 loci. Again because of normality assumptions, we 

concentrated efforts on the most variable allele at each locus. All but 13 loci had standard 

deviations < 0.03 across populations and were dropped from the analysis; while this threshold is 
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arbitrary, our multivariate time series models failed to converge at lower threshold levels 

(including more loci). Loci included were sAAT3, sAAT4, mAH2, HAGH, sIDHP1, PEPB1, 

PEPLT, sMEP1, mMDH2, MPI, PGK2, sSOD1, and TPI4. 

For both the microsatellite and allozyme data, we created Y x M matrices of allele 

frequencies at each locus, where Y represents the number of years, and M the number of 

populations. We evaluated log, logit, and square root transformations on the allele frequencies at 

each locus, but we ended up leaving the data on the orginal scale because these transformations 

did not improve Shapiro-Wilk tests for normality (shapiro.test in R). 

Are autoregressive models appropriate for modeling allele frequencies? 

Depending on a combination of species’ life histories, anthropogenic intervention 

(hatcheries), and environmental conditions, autoregressive (AR) models may or may not be 

appropriate for modeling allele frequency data. The simplest AR model can be written for a 

single locus from one population as                               , where    

represents the allele frequency at time t, b is a drift parameter, a controls the degree of 

dependence between time periods, and   controls the magnitude of stochasticity. This simple 

form represents an AR process of lag-1, or AR(1) because the allele frequency at time t is only 

dependent on the frequency one time step before. When the a term is set to 0, the AR(1) model 

reduces to a simple random walk with drift.  

For species such as Chinook salmon, our a priori expectations are that models more 

complicated than AR(1) would tend to be supported, because of the complex Chinook life 

histories and age structure. Before applying multivariate models to genetic data, we evaluated 

whether any autoregressive models were appropriate in modeling time series of allele frequency 

data, or whether moving average (MA) components should be included. MA models do not make 

the assumption that allele frequencies are temporally dependent; rather they make the assumption 

that variation in expectations is dependent or smoothed. We used allele frequency time series at 

each locus and population within the Grande Ronde Major Population Group (MPG; 13 loci, 8 

populations or hatcheries,  2 years per time series, with 56% missing values). Using Akaike’s 

Information Criterion (AIC) as a model selection tool, we tested (1) the degree of AR(p) process 

supported for each time series (p = 1, 2, 3), and (2) whether a MA(q) component should be 

included (q = 1, 2). Of the 104 time series analyzed, only 2 did not converge: 93 time series 

supported no autoregressive behavior (AR(0)), 8 time series supported an AR(1) model, and only 

1 model supported an AR(2) model. None of the 102 time series supported including a MA 

component (possibly because of many missing values). These results suggest that simple 

autoregressive models, or linear models without an AR component provide an adequate fit to the 

Chinook time series. 

Multivariate Autoregressive State Space (MARSS) model 

The MARSS model extends the univariate AR(1) process into a multivariate setting 

(MAR(1)), and decomposes the total variance into a process component, and an observation 

(sampling or measurement error) component. For a single locus, the MAR(1) process model is 

written as             , where the    represent the vector of allele frequencies for all loci 

and subpopulations at time t, U represents an optional vector of subpopulation specific drift 
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terms (in the context of genetic data, each locus is allowed a unique drift parameter), and the 

process deviations            , where Q represents the covariance matrix of process 

variance. Forms of Q may be unconstrained (the populations are correlated, even if they have 

different trends), and diagonal (populations are independent). The single locus model can be 

extended to multiple loci as                            , where now the allele frequencies 

for L loci, drift terms, and deviations at each time step are matrices (dimensions are years x loci). 

As a hypothetical example, suppose data was collected from 2 populations at 5 loci. If the 

populations were assumed to be correlated (but not panmictic), and allele frequencies across loci 

were treated as uncorrelated with a single process variance (    ), the model would consist of 

5 underlying trajectories for each locus, each with a unique trend and initial state (1 per locus, for 

a total of 10 parameters), and 1 process variance (for a total of 11 parameters).  

The second component of the MARSS model is the observation model, linking observed 

data to unseen states of nature,   . The observation model for a single locus is          
  , where the design matrix Z represents a matrix of 0s and 1s, linking unobserved states of 

nature (subpopulation allele frequencies) to observed data, the A represent population specific 

intercepts, and the            , where R is the covariance matrix of observation error 

(assumed to be diagonal, and the same for each locus). For the example described above, the first 

5 elements of A would be set to 0 (   describes the frequency of 5 loci in the first population), 

and the last 5 elements of A would be estimated (along with 1 R parameter). Thus, the total 

number of parameters estimated for this example is 17. In the above example, some elements of 

A were estimated; in the panmictic case, every element of A would be set to 0, forcing 

populations to not just be correlated, but also have the same mean allele frequency at each locus. 

As a last example, if the model structure was altered to allow each population to be 

independent, there would be 22 parameters estimated: 20 state parameters (10 trends, 10 initial 

values), 1 process variance, 1 observation variance, and no offset parameters (all elements of A 

are zero). Comparing these two configurations illustrates that adding an independent or weakly 

correlated subpopulation increases the complexity by the number of loci (in this case, 5). 

Simulation testing support for population synchrony 

Previous applications of the time series models in MARSS have relied on one 

observation per population per year, which is typical for quantities like population abundance 

(Ward et al. 2010, Holmes et al. 2012). In the context of genetic data, however, each new locus 

added represents a new observation of a unique drift process. To evaluate the ability of MARSS 

models to detect population synchrony, we constructed two simple models: 

Model 1 (M1): populations are synchronized (correlated but independent), with 

the same underlying drift at each locus 

Model 2 (M2): populations are independent and uncorrelated, with different drift 

at each locus 

We constructed simulations of genetic drift in 2 populations over 10 time steps, varying 

the number of loci from 1 to 15. Allele frequencies at each time step were allowed to evolve 

from a MAR(1) process, with   = 0.05 (similar to values observed in the spring Chinook salmon 
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data). We varied the correlation between populations from 0 to 0.8 (in steps of 0.2), and for each 

combination of correlation and loci, simulated 500 datasets. Effects of migration and variable 

age structure were not included. Sampling or observation error was introduced by sampling 100 

individuals in each time step (because of the sample size, the sampling error was much smaller 

than process variation). For each dataset, we fit models M1 and M2, and used the small sample 

Akaike’s Information Criterion (AICc, (Burnham and Anderson 2002)) to evaluate the data 

support for model M1 versus model M2. 

Application: evaluating support for correlated dynamics in Columbia River Chinook salmon 

Because the microsatellite and allozyme samples don’t match up at the same spatial scale 

as those outlined by the population delineations (ICTRT 2003), we examined data support for 

panmixia and correlation at several spatial scales: state boundaries (OR, ID), and grouping by 

MPGs. MPGs are nested within states (Grande Ronde / Imnaha was the single Oregon MPG, and 

the Idaho subpopulations were divided amongst 3 MPGs, all on the Salmon River, Table 1). All 

microsatellite data included in our analysis were from populations that compromise the Grande 

Ronde / Imnaha MPG, so all hypotheses involved population structure at the MPG level. 

Using the MARSS terminology, we considered the following metapopulation structures:  

(1) Panmixia – under our definition, for a particular locus, all populations share a single state 

vector X and shared trend U. Because of complete mixing, the mean allele frequencies for 

each are the same, so A = 0 in the observation model. 

(2) Independent but completely correlated – in this model, a single state vector X is estimated 

for each locus, but each population has a unique intercept estimated (A).  

(3) Independent but partially correlated – in this model, each population has a unique state 

vector X estimated for each locus, but off-diagonal elements of the process variance 

matrix Q are estimated 

(4) Complete independence occurs when populations have independent state vectors (at one 

locus, 12 populations have 12 estimated state vectors) and the process variance matrix Q 

is a diagonal matrix.  
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Table 1. Spring / summer Chinook populations with allozyme data used to construct time series 

of genetic data. The number of years per population is shown in parentheses.  

Grande Ronde / Imnaha ID populations MPGs (Salmon River) 

Imnaha River (11) Johnson Creek (9) South Fork 

Lookingglass Creek Hatchery (10) Marsh Creek (7) Middle Fork 

Lostine River (6) McCall Hatchery (10) South Fork 

Minam Creek (8) Secesh (8) South Fork 

Catherine Creek (7) Poverty Flats (6) South Fork 

Wenaha River (5) Sawtooth Hatchery (5) Upper Salmon 

Grande Ronde River (4) Stolle Meadows (6) South Fork 

 Upper Salmon (5) Upper Salmon 

 Valley Creek (9) Upper Salmon 

 

 

 

 

Results 

Simulated data 

Based on the simulated allele frequency data, it appears that when correlation between 

populations is high (  ~ 0.7), AICc favors synchrony over independent populations (Figure 3). 

At lower levels of correlation below the threshold of 0.7, the mean and median AICc values tend 

to support independent populations. As expected, the effect of adding more loci is a greater 

difference in AICc between models (Figure 3). Although these results suggest that AICc is 

effective at identifying synchrony, it is important to note that these results (and the threshold 

value of ~ 0.7) may change slightly, with shorter or longer time series, different amounts of 

missing data, and different levels of process variation. Future simulations will include a wider 

range of models, including those that estimate the correlation between populations. 
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Figure 3. Model selection support for evaluating synchrony and independence from simulated 

data. Median differences in AICc values are shown across a range of known correlation values (0 

– 0.8).  
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Microsatellite data 

Because initial models that used the entire dataset from all 9 populations did not 

converge, we focused our analysis on a subset of the Grande Ronde populations: the Imnaha 

River hatchery and Imnaha River population, and the Minam River and Wenaha River 

populations. Across all models, we found support for all 4 populations being correlated, but not 

panmictic. Possibly because of many years with missing data, all models in MARSS that 

successfully converged had degenerate solutions (process variance set to zero). Because these 

models are deterministic, there are no fluctuations in allele frequencies, synchrony is defined 

only by the shared trends in allele frequencies between populations (Figure 4; Table 2).  

Allozyme data 

For the Oregon populations, we examined models with 1-3 populations within the Grande 

Ronde/Imnaha MPG. Models that assumed complete panmixia (model that assumed Grande 

Ronde/Imnaha MPG contains only 1 population made up of all populations) were not able to 

converge, so we focused on identifying which populations were correlated. The model with the 

most data support (lowest AICc score) was one that treated all populations as correlated, with the 

exception of the Wenaha River population, which was treated as a unique and uncorrelated with 

the others (Table 3). This best model performed better than when the Wenaha was included, or 

when the Wenaha River was grouped with the closest neighboring sampling site (Lookingglass 

Creek Hatchery). Unlike many of the populations, the Wenaha has no hatchery program, so this 

difference may be partially due to hatchery / wild effects. 

For the Idaho populations, we also found little evidence supporting panmixia, because 

panmictic models were unable to converge. But like the Oregon populations, the best models 

supported correlated allele frequencies between populations (and across MPGs). The one case 

where genetic differentiation appeared to be present was the Upper Salmon River population, 

within the Upper Salmon River MPG (Table 4). Previous work has suggested strong genetic 

similarity exists between the Upper Salmon River and the Valley Creek populations, because of 

influences from the Sawtooth hatchery (HSRG review document). We found no support for this 

hypothesis – the Upper Salmon population appears to be distinct from the Valley Creek 

population, which is more similar to the other populations in Idaho (Table 4). 

To evaluate allozyme support for genetic structure or similarity across MPGs, we 

combined data from Oregon and Idaho into a single dataset (17 populations).  Different numbers 

of loci were used in each of the previous analyses (13 for the Grande Ronde / Imnaha MPG, 16 

for the Idaho MPGs), with 12 loci overlapping. Because of computational issues, we were forced 

to reduce the dataset to the 8 most variable loci (sAAT4, mAH2, PEPB1, PEPLT, sMEP1, 

mMDH2, PGK2, TPI4). For the combined analysis, we found little support for grouping by 

region (Oregon / Idaho populations) or by MPGs (Table 5). Given our previous results, which 

indicated that the Wenaha and Upper Salmon populations were the most distinct, we re-

examined those hypotheses with the combined dataset. For these 8 loci, there seems to be little 

support in the allozyme data for keeping the Wenaha distinct from the larger population, but 

there continues to be moderate support for the Upper Salmon population being different (Table 

4). 
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Figure 4. Microsatellite allele frequencies at 12 loci for 4 Columbia River Chinook populations: 

Imnaha River (solid thick black line), Imnaha Hatchery (dashed thick black line), Wenaha River 

(light dashed black line), Minam River (dashed thick grey line). 
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Table 2. Data support for synchrony and panmixia from microsatellite data from 4 populations 

in the Grande Ronde MPG: Imnaha River, Imnaha hatchery, Wenaha River, Minam River. 

Hypotheses involving synchrony or independence do not assume panmixia. Models with lower 

AIC values are more supported. 

Hypothesis Pop. groups States AICc AICc 

Complete independence 4 48 -893.89 32.19 

Wenaha not correlated with other populations 2 24 -909.59 16.49 

Minam not correlated with other populations 2 24 -902.91 23.17 

All populations correlated but independent 1 12 -926.08 0 

Complete panmixia 1 12 -850.73 75.35 

 

 

Table 3. MARSS models for 8 Oregon Chinook populations or hatcheries within the Grande 

Ronde MPG. 13 time series of allele frequencies were included in the analysis, 1988-1999. All 

models assumed the allele frequencies on each locus to be a separate ‘state’ with a uni ue trend. 

Observation and process errors were uncorrelated and shared across populations. Models with 

lowest AICc values are most supported by the data. 

Hypothesis 
Population 

groups States AICc AICc 

Wenaha River unique, all others correlated 2 26 -2187.58 0 

All populations correlated but independent 1 13 -2180.96 6.62 

Grande Ronde unique, all others correlated 2 26 -2172.25 15.33 

Wenaha / Lookingglass Creek Hatchery correlated with each 
other, others correlated 2 26 -2163.97 23.61 

Lookingglass Creek Hatchery unique, all others correlated 2 26 -2159.27 28.31 

Imnaha River unique, all others correlated 2 26 -2155.36 32.22 

Lostine unique, all others correlated 2 26 -2154.04 33.54 

Catherine Creek unique, all others correlated 2 26 -2151.79 35.79 

Rapid River unique, all others correlated 2 26 -2150.81 36.77 

Minam unique, all others correlated 2 26 -2149.01 38.57 

Lostine/Minam correlated with each other, all others 
correlated 2 26 -2145.88 41.7 

  

  



8.4 Spatial covariance from genetic data 
 

8-72 
 

Table 4. MARSS models for 9 Idaho Chinook populations or hatcheries. 16 time series of allele 

frequencies were included in the analysis, 1988-2002. All models assumed the allele frequencies 

on each locus to be a separate ‘state’ with a uni ue trend. Observation and process errors were 

uncorrelated and shared across populations. Models with lowest AICc values are most supported 

by the data. 

Hypothesis 
Population 

groups States AICc AICc 

Upper Salmon unique, others independent but 
correlated 2 32 -3023.05 0 

All populations independent but correlated 1 16 -3004.43 18.62 

Upper Salmon & Valley Creek each unique 3 48 -2995.19 27.86 

Stolle unique, others independent but correlated  2 32 -2991.04 32.01 

Valley unique, others independent but correlated  2 32 -2978.92 44.13 

Upper Salmon / Valley unique, others independent but 
correlated  2 32 -2973.51 49.54 

Upper Salmon MPG unique, others independent but 
correlated  2 32 -2972.65 50.4 

Marsh Creek unique, others independent but correlated  2 32 -2971.37 51.68 

Johnson Creek unique, others independent but 
correlated  2 32 -2970.98 52.07 

Secesh unique, others independent but correlated  2 32 -2970.01 53.04 

Sawtooth unique, others independent but correlated  2 32 -2969.36 53.69 

McCall Hatchery unique, others independent but 
correlated  2 32 -2965.72 57.33 

Poverty Flat unique, others independent but correlated  2 32 -2963.18 59.87 

South Fork MPG unique, others independent but 
correlated  2 32 -2948.89 74.16 

Grouping by MPG, others independent but correlated 3 48 -2943.18 79.87 
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Table 5. MARSS models for 17 Snake River Chinook populations or hatcheries (from the Upper 

Salmon, Middle Fork Salmon, South Fork Salmon, and Grande Ronde/Imnaha MPGs). 8 time 

series of allele frequencies were included in the analysis, 1988-2002. All models assumed the 

allele fre uencies on each locus to be a separate ‘state’ with a uni ue trend. Observation and 

process errors were uncorrelated and shared across populations. Models with lowest AICc values 

are most supported by the data. 

Hypothesis 
Pop. 

groups States AICc AICc 

All populations correlated but independent (the same) 1 17 -2773.123 0.00 

Correlated but independent populations, Upper Salmon 
unique 2 34 -2771.794 1.33 

Correlated but independent populations, S. Fork Salmon MPG 
distinct 2 34 -2760.759 12.36 

Correlated but independent populations, Wenaha unique 2 34 -2758.063 15.06 

Oregon / Idaho populations unique (but populations 
correlated within states) 2 34 -2758.52 14.60 

Correlated but independent populations, Upper Salmon MPG 
unique 2 34 -2755.115 18.01 

Oregon / Idaho / Wenaha populations uncorrelated 3 51 -2742.922 30.20 
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Discussion 

Both the miscrosatellite and allozyme data included in our analysis supported the idea 

that spring/summer Chinook salmon populations in the Columbia River have correlated or 

correlated allele frequencies, yet neither dataset supported complete panmixia. This result 

suggests that while the allele fluctuations may be in the same direction, some degree of 

demographic isolation between populations maintains separate allele frequencies for some loci. 

These results are much in agreement with previous analyses of these same data, finding both 

structure and significant differences between years and populations (Waples et al. 1993). 

Based on allozyme data, which represents a larger grouping of populations (multiple 

MPGs), it appears that the 17 populations of Chinook included in our analysis represent 

independent but correlated populations (the correlation extending across MPG and state 

boundaries). Within the Grande Ronde / Imnaha MPG, there is evidence that the Wenaha 

population is distinct, possibly because of less influence of local hatcheries. For the Salmon 

River (Idaho) populations, there is some support for the Upper Salmon River population being 

unique, despite the influences of nearby hatcheries (e.g. Sawtooth). 

The correlation between allele frequencies across a relatively large spatial area suggests 

that relatively large mechanisms are responsible. Given that these are neutral alleles, variation is 

expected to be random, and gene flow and / or drift are likely the dominant drivers of 

fluctuations and trends in allele frequencies. One example of a mechanism that may be partially 

responsible for correlations may be some hatchery programs; for hatcheries alone to be 

responsible, the programs must either be coordinated, or hatchery raised fish from a single 

location must be successfully reproducing with fish in all other locations (which alone is 

unlikely). Another mechanism that may be partially responsible is the presence of non-negligible 

non-process errors, arising from sampling fractions of each population. These are expected to be 

random, however they may increase the uncertainty between hypotheses or models.   

Future modeling work will focus on estimating the correlated models in a Bayesian 

framework (where solutions are less likely to be degenerate). Further, our goal is to link these 

estimated correlations back to demographic parameters (e.g. migration), and validate the results 

with more complicated simulation studies.  
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Introduction 

Efforts to conserve species under threat of extinction can be hampered by a lack of 

understanding of the population units composing a species, how those units are structured, and 

which of those components are important for long-term persistence and recovery (Rieman and 

Dunham 2000). For anadromous Pacific salmonid species listed as threatened or endangered 

under the Endangered Species Act (ESA), identifying independent populations and their spatial 

structure is essential for recovery planning (McElhany et al. 2000). The ESA listings for Pacific 

anadromous salmonids cover relatively broad-scale evolutionarily significant units (ESUs; 

Waples 1991), which are composed of groups of independent populations spread across 

relatively large geographical areas. These grouped populations are more similar to each other 

than other such populations outside of their respective ESUs. 

The composition of populations is organized into a hierarchical framework (Waples 

1991; McElhany et al. 2000; ICTRT 2003). Below the broader ESU level, groups of populations 

may be allied into Major Population Groups (ICTRT 2003). Populations included in such 

groupings may more frequently exchange individuals among each other than with populations in 

the broader ESU level. Population persistence is, in part, a function of the degree of association 

and connectivity at these different levels (McElhany et al. 2000). And, thus, assessing extinction 

risk is linked to delineation of population structure and the status of constituent populations. 

Below the population level, some subpopulation structure may also exist; however, the focus of 

this work is at the population level and above. 

The distribution of populations across the landscape and their extent of relatedness is one 

of several important aspects of species recovery. For Pacific salmonids, their spatial structure is 

one of four metrics (the others are: abundance, productivity, and diversity) used to assess 

persistence of ESA-listed salmonids in the Columbia River basin (McElhany et al. 2000), and is 

one of the key components used to delineate population structure. Data previously evaluated to 

determine Columbia River basin spatial structure (ICTRT 2003) included molecular markers in 

DNA, geographical, ecological community, and landscape features where fishes spawn and rear 

(i.e., ecoregions, river network structure and connectedness, and distance between tributaries), 

phenotypic traits (i.e., spawning and ocean migration timing, ages of spawners), and covariance 

of demographic parameters (such as abundance and productivity). 
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Explorations of the covariance or synchrony of demographic data were limited in the past 

by data availability and in the techniques applied to assess patterns in the data. Covariance of 

abundance data played a lesser role in assessing population structure because there were few 

robust time series available and they were often limited in temporal scale (ICTRT 2003). More 

data have since been compiled on ESA-listed populations, including estimates of abundance and 

productivity. And with greater data availability, more robust quantitative methods can be used to 

assess population structure. To take advantage of these advances, we applied a multivariate 

autoregressive state-space (MARSS) framework (Hinrichsen 2009; Hinrichsen and Holmes 

2009; Holmes et al. 2012a) to test different hypotheses about the relatedness of the time series of 

salmon population abundances. The MARSS framework can overcome some of the limitations 

of Pearson correlation analysis (e.g., Buonaccorsi et al. 2001; Liebhold et al. 2004), a technique 

that was previously used to examine covariance patterns in the interior Columbia River basin 

(ICTRT 2003). Interpretation of correlation analysis can be complicated by spatial and temporal 

autocorrelation issues and by large-scale common trend features such as the large downward 

trend in abundance observed for many populations of Columbia River salmonids. 

Here we attempt to describe patterns of spatial synchrony among time series of 

demographic data from spring/summer Chinook salmon in the interior Columbia basin and 

compare those to established population structure. 

 

Methods 

Data 

The data consisted of time series of estimates of wild spawner abundances (all spawners 

minus hatchery fraction) of Chinook salmon from the interior Columbia River obtained from the 

Salmon Population Summary (SPS) database (Table 1; Figures 1-2). The data used were the 

snapshot of data used for the 2010-2011 updated status review (Ford et al. 2011). They were 

derived from expansions extrapolated from counts of redds, index area redd counts, and counts 

of live fish migrating through weirs. For this analysis we confined the scope to interior Columbia 

River population time series from the SPS database.  We removed years prior to 1957 because 

very few populations had data prior to this., We removed several populations (Chamberlain 

Creek, Pahsimeroi River, Tucannon River) because spawner abundance estimates for these 

populations in the SPS database began in about the mid-1980s, and their relatively shorter 

timespans caused problems with model convergence. We added 1 to each value of the abundance 

estimates of wild spawner to remove zeros, log-transformed and then standardized the time series 

(subtracted the mean and divided by the standard deviation).   
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Table 1. Interior Columbia River Chinook salmon populations (name codes in parentheses) from the Salmon Population Summary 

database and years that were included in this study. 

Evolutionarily Significant Unit Major Population Group Population Years 

Snake River Spring/Summer Grande Ronde-Imnaha Catherine Creek (GRCAT) 1957-2009 
Chinook Salmon ESU 

 
Grande Ronde River Upper Mainstem (GRUMA) 1957-2009 

  
Imnaha River Mainstem (IRMAI) 1957-2009 

  
Lostine River (GRLOS) 1959-2009 

  
Minam River (GRMIN) 1957-2009 

  
Wenaha River (GRWEN) 1964-2009 

    
 

South Fork Salmon River East Fork South Fork Salmon River (SFEFS) 1958-2008 

  
Secesh River (SFSEC) 1957-2008 

  
South Fork Salmon River Mainstem (SFMAI) 1958-2008 

    
 

Middle Fork Salmon River Bear Valley Creek (MFBEA) 1960-2008 

  
Big Creek (MFBIG) 1957-2008 

  
Camas Creek (MFCAM) 1963-2008 

  
Loon Creek (MFLOO) 1957-2008 

  
Marsh Creek (MFMAR) 1957-2008 

  
Sulphur Creek (MFSUL) 1957-2008 

    
 

Upper Salmon River Salmon River Lower Mainstem below Redfish Lake (SRLMA) 1957-2008 

  
Salmon River Lower Mainstem above Redfish Lake (SRUMA) 1962-2008 

  
East Fork Salmon River (SREFS) 1960-2008 

  
Lemhi River (SRLEM) 1957-2008 

  
Valley Creek (SRVAL) 1957-2008 

  
Yankee Fork (SRYFS) 1961-2008 

    Upper Columbia Spring 
 

Entiat River (UCENT) 1960-2008 
Chinook salmon ESU 

 
Methow River (UCMET) 1960-2008 

  
Wenatchee River (UCWEN) 1960-2008 
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Figure 1. Wild spawner abundances of Columbia River Chinook salmon populations considered 

in this study. 
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Figure 2. Columbia River basin, with populations included in this study (Upper Columbia 

Chinook Salmon ESU populations in dark gray, Snake River Spring/Summer Chinook Salmon 

ESU populations in black). 
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Models 

We employed a dynamic factor analysis (DFA) framework in MARSS (Holmes et al. 

2012a, 2012b), which seeks to model a set of multiple time series with a smaller set of 

underlying common trends (Zuur et al. 2003a; Holmes et al. 2012a).  The advantage of this 

approach was that it let the data determine population structure (e.g., Manel et al. 2003) through 

populations’ associations with shared underlying trends, in contrast to a priori imposing multiple 

formulations of population structures as competing hypotheses to be tested.  The MARSS 

approach combines a process model, describing the true states of nature through time (because 

these are not observed directly, or measured exactly, they’re also referred to as hidden or latent 

states) and a model for the observation process, which links the observed data to underlying 

states of nature (the observed data being imperfect, as a result of measurement and sampling 

errors). The total variance can be broken up into the constituents of process variance and 

observation error variance. 

In the DFA framework a set of one or more hidden common trends (linear combinations 

of a set of random walks) shared by the time series data explains their temporal variations. Our 

parameterization of the DFA model included explanatory variables drawn from a set of 

environmental covariates. The full model takes this form: 

 

             where    MVN        (1a) 

    

   
 
       D      where    MVN        (1b) 

    

   0  MVN  ,    . (1c) 

 

 

Observations (yt, eq. 1b, an n x t matrix) were modeled as a linear combination of hidden 

trends (or states, xt, an m x t matrix) and factor loadings (Z, an m x m matrix) plus some offsets 

(a, an m x 1 matrix) and exogenous covariate influence (D, an m x q matrix). Hidden trends (xt) 

in year t (eq. 1a) were a function of the prior year plus process error (w, an m x t matrix). Q was 

the covariance matrix (m x m), here set to 1s on the diagonals and zeros elsewhere (identity 

matrix). Observation (or non-process) error was represented by v (an n x t column vector). R 

represented variance-covariance of the observations (an n x n matrix), and we set it to be equal 

along the diagonal and equal among the off-diagonal values to facilitate convergence (more on 

the R matrix specification below). The matrix dt held the covariate values at time t, and the 

matrix D contained the effects of the covariates on the observations.  As a consequence of 

standardizing the data we set the initial states, x0 (eq. 1c), to zero; thus, the form of the model we 

used did not include equation (1c). We fitted models with from one up to 12 hidden trends. We 

used the Akaike Information Criterion value for small sample sizes (AICc; Burnham and 

Anderson 2002) as the measure of model support from the data. 
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We evaluated several formations of the R matrix due to parameter value convergence 

issues in MARSS.  R represents variance-covariance of the observations and its elements are 

estimated during model fitting, and non-convergence was evidenced by one or more elements on 

the diagonal of the R matrix going to zero (and the model specification is said to be degenerate; 

Holmes et al. 2012a).  When R is set to be equal along the diagonal and equal among the off-

diagonal values (“e ualvarcov” in the MARSS() function), it takes this form, as illustrated by a 

simpler 3x3 matrix example: 

 

   [

  
   

   
  

    
 

]. (2) 

   

Our assumption with “e ualvarcov” was that all populations shared the same observation 

variance (diagonals were e ual), and that the populations’ covariances (off-diagonal values) were 

equal. We evaluated several other forms of the R matrix, including “diagonal and e ual,” 

 

   [

  
   

   
  

    
 

] (3) 

   

where there was one observation variance (along the diagonal) and no covariance (off-diagonals 

are zero).  At the other extreme, we fitted models with an R matrix formulated to be 

“unconstrained,” 

 

   [

   
       

      
    

         
 

]. (4) 

   

In this last case, all elements in the R matrix were estimated. Of all of these formulations, 

there was much more data support for the e ual variance and covariance (“e ualvarcov”) form 

(eq. 2). 
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Environmental covariates 

To expose the underlying patterns and trends in the time series data we included 

covariates representing common environmental conditions for the purpose of removing large-

scale common exogenous drivers so that our focus could be trained on shared trends in the data. 

We included covariates that represented conditions in the freshwater and ocean environments 

experienced by all of the populations (Table 2). This was not an exhaustive list, but focused on a 

few of the major common covariates. The initial list of environmental covariates we evaluated 

included indices of snow-water equivalent on April 1 (a measure of accumulated winter 

snowpack), Columbia River flow as measured at the Dalles dam, seasonal and September Pacific 

Decadal Oscillation, the El Niño3.4 region index, and the Pacific coastal upwelling index (at 

45°N 125°W) in April and May, and averaged over the spring months. The list was inspired by 

recent studies of environmental drivers related to Pacific salmon (Ryding and Skalski 1999; 

Botsford and Lawrence 2002; Koslow et al. 2002; Logerwell et al. 2003; Scheuerell and 

Williams 2005; Zabel et al. 2006; TRT & Zabel 2007; Fujiwara and Mohr 2009; Copeland and 

Meyer 2011; Rupp et al. 2012).  

We refined the list of covariates to avoid multicollinearity issues, and also to 

appropriately apply the environmental effects to specific life stage periods and to periods when 

specific habitats were occupied. Monthly seasonal values were generally highly correlated with 

each other (e.g., for spring: April with May, April with June, May with June, etc.) for both PDO 

and upwelling indices, and highly correlated with their seasonal means (e.g., April with April-

June mean). Therefore we used seasonal means for both PDO and upwelling indices. We lagged 

these according to ocean occupancy. For PDO, we included the spring and fall seasonal means 

for their ocean entry year, and also lagged it to match their subsequent first winter at sea. We 

included one additional lag for spring, and two additional lags for winter. The majority of 

Chinook salmon populations in this study were four years old as returning spawners, but the 

added winter PDO lag was included to account for a minority of five year old spawners that 

experience an additional winter at sea. For upwelling, we included only spring and fall seasonal 

means lagged two years to correspond to the first year of ocean entry. Four-year means of May-

July PDO, beginning from the year prior to spawning and extending backward in time for a total 

of four years, was found to be a strong predictor of coastal coho salmon recruits (Rupp et al. 

2012), and was included in this set of covariates.   

We experimented by adding an additional year to that metric (D. Rupp, pers. comm.). 

Regional snowpack measures were also highly correlated with each other; therefore a 

comprehensive snowpack index was used and consisted of the mean of nine SNOTEL sites, three 

each from Washington, Oregon, and Idaho.  Furthermore, because flow at the Dalles dam was 

highly correlated with snowpack it was dropped from consideration. Before inclusion, the final 

set of covariates (Table 2) was transformed by adding a constant to remove negative values and 

zeros, log-transformed, and then standardized to remain consistent with abundance 

transformations and to allow us to drop the initial states term (x0, eq. 1c).  

We included covariates in a forward step-wise procedure. Their order of inclusion was 

determined after preliminary fitting of each covariate separately in models with three to five 

trends. The order of inclusion was as follows: summer PDO lagged three years (pdoJASL3), fall 

PDO lagged three years (pdoONDL3), summer PDO lagged two years (pdoJASL2), spring PDO 



8.5 Spatial covariance from abundance estimates 

8-84 
 

lagged three years (pdoAMJL3), snowpack with no lag (snotellall), spring upwelling lagged two 

years (upAMJL2), El Niño lagged three years (elninoL3), spring PDO lagged two years 

(pdoAMJL2), May-July PDO averaged over the previous four years (pdo4yrMJJ), El Niño with 

no lag (elnino), and snowpack lagged two years (snotelallL2). 

The default model framework in MARSS for adding covariates forces the model to 

estimate covariate coefficients for each population, n. Covariates entered the DFA model 

framework as an n (populations) x m (covariates) matrix, d, in the Ddt term in eq. (1b). As the 

list of covariates included grew the number of parameters increased substantially (i.e., the 

number of coefficients, D, estimated for each of the populations for added covariates, dt), and 

models incurred a steep AICc penalty with each additional covariate added. In addition to the 

default covariate matrix formulation, we explored an alternative model specification which 

structured the D matrix such that there was a “global” covariate effect, which estimated one 

coefficient parameter across all populations for each covariate added. Support for covariate 

inclusion was measured by AICc. 

Mapping populations to common trends 

We employed four methods to group populations according to shared common trends. 

Initially, factor loadings revealed grouping patterns, such that populations with relatively large 

positive or negative loadings per trend indicated trend association. The next three methods 

required additional analysis. In the second method, we normalized the absolute values of the 

factor loadings to be on a 0-1 scale, and relatively large positive or negative loadings scores 

indicated which populations’ loadings were the most influential per trend. Third, we used the 

factor loadings for each population from the best-fitting model (five trends) in a K-means 

clustering analysis (Hartigan and Wong 1979), setting k = 5 clusters, which grouped populations 

according to similar factor loadings characteristics. For the fourth method, for each population 

and trend we calculated the correlations between time series data, controlling for the 

environmental covariate effects, and fits per trend effect: 

 

                   , (5) 

where, y* were the observations minus the covariate effects, 

   

        Dd , (6) 

   

and fitstrends were the trends effects, which was the product of the rotated factor loadings times 

the rotated trends (using the varimax()rotation and calculations as in Holmes et al. 2012a). 

The highest positive correlations among the trends determined trend associations for each 

population.  
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Table 2. Environmental covariates evaluated in the DFA models with lags as related to a four 

year old fish. 

Covariate Description 

snotelall; L1, L2 April 1st SWE indexa, lagged t – 0 up to t – 2 

pdoJFM; L3 & L4 Pacific Decadal Oscillationb (PDO) in winter (Jan-Mar mean), first (t – 
3) and second winter (t – 4) at sea 

pdoAMJ; L2, L3, L4 PDO in spring (Apr-Jun mean), starting with first year in ocean (t – 2), 
included additional lags, t – 3, t – 4 

pdoJAS; L2, L3 PDO in summer (Jul-Sept mean), starting with the first year in ocean 
(t – 2), included additional lag, t – 3. 

pdoSept; L1, L2, L3 PDO for September only, lagged from t – 1 up to t – 3 

pdoOND; L2, L3, L4 PDO in fall (Oct-Dec mean), starting with first year in ocean (t – 2), 
included two additional lags, t – 3, t – 4 

pdo4yrMJJ Mean of four year May-Jun PDO beginning in year prior to spawning 
year backward 

pdo5yrMJJ Mean of five year May-Jun PDO, beginning in spawning year 
backward 

elnino; L1, L2, L3 El Niño 3.4 indexc, lagged t – 0 up to t – 3 

upAMJ; L2 Pacific Upwelling Indexd (PUI; 45°N 125°W) Apr-Jun mean, spring of 
ocean entry, lagged t – 2 

upOND; L2 PUI Oct-Dec mean, fall after spring ocean entry (lagged t – 2) 

upwellaprL2 PUI for April only, lagged t – 2, spring of ocean entry 

Sources: 

a
Mean of nine SNOTEL sites; Washington, 20A23S Lyman Lake, 20A09S Rainy Pass, 19A02S Salmon Meadows; 

Idaho, 14E01S Mill Creek Summit, 13D16S Moose Creek, 14F02S Stickney Mill; Oregon, 18D06S Lucky Strike, 

18E08S Gold Center, 18E03S Eilertson Meadows. Natural Resources Conservation Service; 

<http://www.wcc.nrcs.usda.gov/snow/> 

b
University of Washington-Joint Institute for the Study of the Atmosphere and Ocean; 

http://jisao.washington.edu/pdo/PDO.latest; Mantua et al. (1997) 

c
El Niño data from the NOAA National Weather Service Climate Prediction Center, 

<http://www.cpc.ncep.noaa.gov/data/> 

d
NOAA Pacific Fisheries Environmental Laboratory; 

<http://www.pfeg.noaa.gov/products/PFEL/modeled/indices/upwelling/NA/data_download.html> 

  

http://jisao.washington.edu/pdo/PDO.latest
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Results 

Models without environmental covariates with the most support from the data contained 

five trends with an equal variance-covariance observation structure (Figure 3; R matrix as in eq. 

(2)). Based on these results we focused further model fitting to this DFA model form and that 

had three to five trends. The model with the most support from the data was a five trends model 

that included summer PDO (mean of July-September values) lagged three years (Table 3).  

Characteristics of the five trends revealed several different features (Figure 4). Trends 1 

and 5 showed a stable period early in the series, then a decline followed by an increase and a 

level period. Trend 2 was somewhat stable through time with a few downward ticks interspersed 

in the trend. Trend 3 had an initial drop leading to a dramatic increase, a level period in the mid-

1990s, and a steady increase through the end of the trend. Trend 4 was fairly stable through the 

series with a rapid increase at the end followed by a steep drop. The model fit the data 

reasonably well (Figure 5). 

There was reasonable agreement among the methods we used to attribute populations at 

the large ESU-level spatial scale, and similar results with a few divergences at the smaller MPG-

level spatial scale. At the ESU level, all methods but one (see K-means analysis below) showed a 

separation between Upper Columbia and Snake River populations. Within the Snake River ESU, 

at the MPG level, there were several departures from the TRT population delineations. Factor 

loadings (Figure 4) and their normalized absolute values (Figure 6) showed a few clear patterns: 

most Grande Ronde/Imnaha populations were closely aligned with the first trend; the South Fork 

Salmon River population often was grouped all by itself; the remainder of the Salmon River 

populations generally grouped together, and were associated with trends 2 and 1; and, Upper 

Columbia populations (Methow, Entiat, Wenatchee) had the highest loadings and associations 

with trend 5. A couple of slightly different patterns emerged from K-means clustering (Figure 7). 

Although K-means tended to group Salmon River populations into two groups distinct from the 

others, it also grouped Minan River (Grande Ronde/Imnaha MPG) with the minor group 

associated with the Salmon River populations. Also, K-means assigned the South Fork Salmon 

River population to its own isolated group, separate from all others. One surprising outcome was 

that K-means grouped Camas Creek with Upper Columbia populations. This was the only 

instance where a population wasn’t attributed to an  SU delineated by the TRT. In the 

correlations between time series data, minus the covariate effects, and the fits, populations were 

assigned to trends according to the highest correlation per trend (Figure 8). This method 

identified the Secesh River and South Fork Salmon River populations belonging to trends 3 and 

4 respectively, the only populations attributed with those trends (Figure 8). However, the 

majority of Salmon River populations were associated with trend 2, with the exception of Camas 

Creek, Salmon River below Redfish Lake, and the Lemhi River, which were more closely 

associated with trend one--characteristic of the Grande Ronde/Imnaha MPG populations. The 

correlations between the data and fits method also associated the Minam River population with 

Salmon River populations (trend 2).  
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Figure 3. The data supported a model structure that included five common trends, which had the 

lowest AICc value. 
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Table 3. The top 25 models from a DFA analysis of interior Columbia River salmon adult 

spawner abundance data.,. The “M” values note the number of trends, “K” represents the number 

of parameters estimated for each model, and environmental covariates included in the models 

(models with no environmental covariates are indicated by “---”). “Global” in parentheses 

indicates model parameterizations where the D term was set to estimate one coefficient across all 

populations for each covariate added to the model. Akaike weights were calculated on the 

models’ AICc values. 

    Cumulative 

   Akaike Akaike 

M K Environmental covariates weight weight 

5 136 pdoJASL3 0.989 0.989 

5 136 pdoONDL3 0.003 0.992 

5 123 

pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall, 
upAMJL2, elninoL3, pdoAMJL2, pdo4yrMJJ, elnino, 
snotelallL2 (global) 0.002 0.993 

5 118 
pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall, 
upAMJL2 (global) 0.001 0.995 

4 116 pdoJASL3 0.001 0.996 

5 121 
pdoJASL3, pdoONDL3, pdoJASL2,  pdoAMJL3, snotelall,, 
upAMJL2, elninoL3, pdoAMJL2, pdo4yrMJJ (global) 0.001 0.997 

5 122 
pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall, 
upAMJL2, elninoL3, pdoAMJL2, pdo4yrMJJ, elnino (global) 0.001 0.998 

5 116 pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3 (global) 0.001 0.999 

5 119 
pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall, 
upAMJL2, elninoL3 (global) 0 0.999 

5 115 pdoJASL3, pdoONDL3, pdoJASL2 (global) 0 0.999 

5 117 
pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall 
(global) 0 1 

5 113 pdoJASL3 (global) 0 1 

5 120 
pdoJASL3, pdoONDL3, pdoJASL2, pdoAMJL3, snotelall, 
upAMJL2, elninoL3, pdoAMJL2 (global) 0 1 

5 114 pdoJASL3, pdoONDL3 (global) 0 1 

5 136 pdoseptL3 0 1 

4 116 pdoONDL3 0 1 

5 112 --- 0 1 

5 136 pdoAMJL3 0 1 

6 131 --- 0 1 

5 136 snotelall 0 1 

5 160 pdoJASL3, pdoONDL3 0 1 

5 136 upAMJL2 0 1 

4 116 pdoseptL3 0 1 

5 136 elninoL3 0 1 

7 149 --- 0 1 
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Figure 4. Trends (left column) and factor loadings per trend (right column) for the best fitting 

five trends model. 
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Figure 5. Model fits (lines) vs. observed data (gray dots). 
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Figure 6. Normalized absolute values of factor loadings showing factor loadings with most 

influence for each trend. 
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Figure 7. Results of K-means clustering on factor loadings with k = 5 clusters. Black squares 

indicate group associations. 
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Figure 8. Correlation matrix of the data, minus the covariate effects, and fits influenced by 

trends. Black boxes indicate largest positive correlations across the trends for each population. 
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Discussion 

Agreement between existing population structure delineations and the relatedness of 

populations from our analyses of wild spawner abundance data varied according to the spatial 

scale considered. The most support in the data was for a model that characterized populations as 

mostly in agreement with the TRT-established ESU-level delineations. Populations in Upper 

Columbia Spring Chinook salmon ESU and Snake River Spring/Summer Chinook salmon ESU 

generally grouped separately from each other in the four methods we used to look for population 

structure. Below the ESU level, however, we found some differences from the existing 

population structure designations. Within the Snake River ESU each of the Major Population 

Groups (MPG) had at least one outlier population that was more similar to another MPG’s group 

or trend characteristics. In one case, the South Fork Salmon River MPG, all three of its 

populations (EF SF Salmon River, Secesh River, SF Salmon River) fell into separate groups or 

trends, and two of those populations (Secesh River, SF Salmon River) were each associated with 

unique groups and trends that no other populations joined. 

The spatial representations of the patterns suggested for the K-means groupings and 

correlations by trends are shown in Figure 9. Upper Columbia populations grouped with each 

other and were removed to focus on Snake River populations. The hatched lines indicate the 

ICTRT population groupings into MPG assignments, and the colors represent population 

groupings from K-means clustering and correlations by trends. Several patterns were evident, 

summarized here by MPG:  

Grande Ronde/Imnaha MPG: The Minam River population grouped with Middle Fork 

and Upper Salmon River MPGs in K-means, however the correlation with fits was nearly equal 

between trends 1 and 2 (0.65 and 0.66 respectively). This population is at least 350 km away 

from the nearest Salmon River population (Table 4), but is typically >450 km distant which is a 

considerable spread for populations within the same MPG. Its nearest Grande Ronde/Imnaha 

neighbor is 55 km away (the Lostine River population), but genetically it is the least related to it 

and most closely related to Catherine Creek (83 km away; ICTRT 2003). 

South Fork Salmon River MPG: Populations of this MPG (East Fork South Fork Salmon 

River, Secesh River, and South Fork Salmon River), did not group together with K-means nor in 

the correlations (Figures 7-9). These populations either grouped with other Salmon River MPGs, 

or were grouped individually and separate from all the remaining populations (Figures 7-9). The 

correlations with the fits were all definitive in their associations of these populations to all 

different trends. The distances between populations of the South Fork Salmon River MPG were 

no greater than populations within other MPGs (Table 4), yet they all grouped separately. In 

particular, the South Fork Salmon River Mainstem population grouped separately from all other 

populations considered, suggesting an independent population. This population includes Poverty 

Flat and Stolle Meadows (ICTRT 2003). There could be some population trend dynamics from 

its sub-population level constituent parts that contributed to its contrasting pattern. Other factors 

used to determine MPGs, when available, included: genetic data, distance between spawning 

aggregations and dispersal information, age structure, spawn timing, and environmental/habitat 

characteristics. Generally, genetic data received a higher weight of consideration among the 

evidence linking populations (ICTRT 2003). Genetic data from this MPG suggested that the 
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South Fork Salmon River Mainstem population was more similar to other populations in this 

MPG than others in the region (ICTRT 2003). 

Middle Fork Salmon River MPG: Populations of this MPG were spread across two 

groups in K-means analysis, but all populations except Camas Creek were assigned to the same 

trend (trend 2) in the correlation analysis. Camas Creek was assigned to trend 1, however the 

correlation with fits showed that trend association was a close call between trends 1, 2 and 3. The 

majority of Grande Ronde/Imnaha populations were associated with trend 1, at a distance of 

>400 km away, and trend 3 was associated with Secesh River, about 200 km distant (Table 4). 

Upper Salmon River MPG: Populations of this MPG were all assigned to the same group 

in the K-means clustering, but in the correlations by trends analysis two of the six populations 

were assigned to trend 1; they were Salmon River mainstem below Redfish Lake and Lemhi 

River. Trend 1 was more closely aligned with Grande Ronde/Imnaha populations and are >500 

km away (Table 4). However, in the case of Salmon River mainstem below Redfish Lake, the 

correlations with trends 1 and 2 were very similar (0.64 and 0.61 respectively). 

In general, populations separated by long geographic distances tended to be more 

dissimilar to each other than populations closer together. For example, Upper Columbia 

populations were almost never grouped with those of the Snake River populations (500-1,000 km 

apart). However, for populations within the Snake River ESU, the pattern was not as clear. While 

some exchange of individuals between populations occurs at shorter distances (10s to 100s of 

km, Table 4), it is less likely over intermediate distances. The distance between the Grande 

Ronde/Imnaha and the Upper Salmon River MPGs is significant, >800 km apart (Table 5), but 

the Lemhi River and Grande Ronde populations were grouped together in the correlations with 

trends analysis. This suggests that some other factor may have been responsible for linking the 

Lemhi with populations in the Grande Ronde/Imnaha basin, such as a common response to 

similar environmental conditions (Moran Effect; Moran (1953)). Generally, the Lemhi basin is 

drier, has colder surface air temperatures (in the winter in particular), and is higher in elevation 

than the Grande Ronde/Imnaha basin (ICTRT 2003). Both sets of populations traverse the same 

number of large dams in the Snake and Columbia rivers, going to and from the ocean. Further 

investigation is needed to understand common patterns and possible connections between 

populations assigned to MPGs other than their current designations. These types of patterns may 

represent important components to ESU diversity, which would have implications for 

conservation priorities.  

Inclusion of environmental covariates was supported by the data. All of the top fifteen 

models had some form and combination of covariates. The best-ranked model only included 

summer PDO (mean of July-September) lagged three years. PDO is a long frequency large scale 

environmental driver. It has been associated with marine survival of salmon (e.g., Mantua et al. 

1997) and with freshwater conditions such as snowpack (Clark et al. 2001; McCabe and 

Dettinger 2002) and, therefore, can influence late summer runoff for these snowmelt-dominated 

river systems. Why the three year lag and why summer? The majority of these populations are 

four year old returning spawners that exhibit a stream-type life history strategy, spending about 

two years in freshwater before migrating seaward. Therefore, summer PDO lagged three years 

would occur during their first rearing summer in freshwater at a time when stream flows are 

typically at their lowest and when stream flow is sensitive to the amount of remaining melting 
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mountain snowpack from the previous winter season. For five year old fish, this would indicate 

conditions during their first summer at sea. Both of these life stages (freshwater summer rearing, 

and the early ocean periods) are often reported to be important bottlenecks. 

Future work might include model sensitivity to alternative model formulations and 

additional model parameterizations to account for correlations in the residuals. Sensitivity of 

models and trend associations might be tested by alternatively including and excluding 

populations in the model fitting. We also noted that the populations’ residuals from the best 

model were somewhat correlated ( ̅                     ), so there was some autocorrelation in 

the data not accounted for in the way the model was specified (strategies for correlated residuals 

proposed in Zuur et al. 2003b). 

Dynamic Factor Analysis is a powerful tool and, in combination with other methods, it 

could be useful for examining population structure in demographic and other types of data. 
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Figure 9: Spatial representation of Snake River Spring Summer Chinook salmon populations 

grouped according to a) K-means clustering (from Figure 7), and b) the results of the trends 

associations from the correlations between the data, minus the covariate effects, and the fits 

(from Figure 8). 
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Table 4: Geographic stream network distances (km) of the populations considered in this study. 

  
Grande Ronde/Imnhaha MPG SF Salmon MPG MF Salmon MPG Upper Salmon MPG 
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Grande Ronde/Imnhaha 
MPG 

GRWEN --- 
                    GRLOS 110 --- 

                   GRMIN 114 55 --- 
                  GRCAT 106 79 83 --- 

                 GRUMA 224 197 201 129 --- 
                IRMAI 178 266 270 262 380 --- 

               

SF Salmon MPG 

SFMAI 258 347 351 342 461 206 --- 
              SFSEC 385 473 477 469 587 333 126 --- 

             SFEFS 386 474 478 470 588 334 128 1 --- 
            

MF Salmon MPG 

MFBIG 412 500 504 496 614 360 153 143 144 --- 
           MFCAM 487 575 579 571 689 435 229 218 219 75 --- 

          MFLOO 503 592 596 588 706 452 245 234 236 92 17 --- 
         MFSUL 580 668 672 664 782 528 321 311 312 168 93 76 --- 

        MFBEA 599 687 691 683 801 547 341 330 331 187 112 96 19 --- 
       MFMAR 599 687 691 683 801 547 341 330 331 187 112 96 19 0 --- 

      

Upper Salmon MPG 

SRLEM 577 665 670 661 780 525 319 308 310 165 203 220 296 315 315 --- 
     SRLMA 571 659 663 655 773 519 313 302 303 159 197 214 290 309 309 96 --- 

    SREFS 669 757 761 753 871 617 411 400 401 257 295 311 388 407 407 194 98 --- 
   SRYFS 718 806 810 802 921 666 460 449 451 306 344 361 437 456 456 243 147 49 --- 

  SRVAL 732 820 824 816 934 680 473 463 464 320 358 374 451 470 470 257 161 63 27 --- 
 SRUMA 740 829 833 824 943 688 482 471 473 328 366 383 459 478 478 265 169 71 36 9 --- 
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Table 5: Geographic stream network distances (km) between Major Population Groups from the 

Snake River system and the Upper Columbia ESU. 

 

MPG or ESU 
Grand Ronde/ 
Imnaha 

Middle Fork 
Salmon River 

South Fork 
Salmon River 

Upper  
Salmon River 

Upper  
Columbia ESU 

      
Grand Ronde/ 
Imnaha 

---     

Middle Fork 
Salmon River 

218 ---    

South Fork 
Salmon River 

92 127 ---   

Upper Salmon 
River 

322 104 230 ---  

Upper Columbia 
ESU 

535 741 614 844 --- 
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A.H. Dittman (NOAA Fisheries, Northwest Fisheries Science Center) 

 

 

 

Introduction 

The ecology, evolution, and management of salmonid fishes are inextricably shaped by 

the propensity of adults to home to natal sites for reproduction (Quinn 2005), though some 

individuals stray and spawn in foreign areas (Jonsson and Jonsson 2011, Klemetsen et al. 2003). 

 vidence suggests that rates of straying can be ‘abnormally’ high in heavily modified watersheds 

(Johnson et al. 2012, Keefer et al. 2008), yet fundamental knowledge gaps in what constitutes 

‘normal’ rates of straying severely impedes the ability to assess how disturbances in the 

freshwater environment may differentially affect the species or population-level propensity to 

stray. Here we attempt to elucidate ‘natural’ rates of straying through the examination of 

hundreds of paired hatchery releases while controlling factors believed to influence straying. Our 

estimates of straying differ from previous efforts in that we controlled for variability caused by 

hatchery actions, site-specific variation, and inter-annual effects by evaluating pairs of releases. 

Our overarching question is – if all else is equal– do species, life history forms, and populations 

of salmon and steelhead stray at consistently different rates?  

Methods 

We assembled tagging data from the Regional Mark Information System (RMIS, 

available at: www.rmpc.org), which is maintained by the Regional Mark Processing Center of 

the Pacific States Marine Fisheries Commission. We utilized freshwater recoveries in hatcheries 

and on spawning grounds and excluded individuals recovered at sea or harvested in-river as these 

fish were intercepted prior to homing or straying. We assumed that tag recovery efforts at 

hatcheries were essentially 100% and thus equivalent among hatcheries. Although there may be 

differential recovery of fish found on spawning grounds, the vast majority were recovered at 

hatcheries. Moreover, analyses of only fish recovered at hatcheries yielded the same biological 

interpretations. We combined associated release data for recovered tag codes that met the 

following criteria: 1) Paired releases of species or life histories from the same brood years, 2) 

On site rearing and release, 3) ‘Local’ broodstock only, 4) No experimental releases. We 

defined individuals as strays if they were recaptured outside the river basin of their release, a 

spatial scale that generally conforms to the local population level and scale for conservation 

(www.hatcheryreform.us). 

http://www.rmpc.org/
http://www.hatcheryreform.us/
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To test the hypothesis that rates of straying differ among species and life history types 

within species, we fit a series of weighted logistic regression models with various combinations 

of predictors and assessed the support for each model in a selection framework. Our general 

approach was to compare the performance of models that include species and life history 

predictors versus those that did not. To account for over-dispersion common in proportional data, 

we fit models with quasi-binomial error structure and logit link in R 2.15.0. Model selection with 

QAICc was conducted with the AICcmodavg package. We calculated the stray rate (r) for each 

brood year as:     
∑                        

∑                  
 , where tag recoveries were expanded estimates 

based on the proportions of each sample screened for tags. We used the expanded estimates 

provided in the RMIS database and where sampling expansion factors were missing we took 

each recovery to equal one individual. 

Study Area 

We utilized data from seven populations in the Lower Columbia basin, one in the Middle 

Columbia, and two in the Snake River drainage (Fig. 1). Hatcheries in the Lower Columbia 

(Cowlitz River, Elochoman River, Fallert Creek, Kalama Falls, Lewis River, Toutle River, and 

Washougal River) reared and released Chinook and coho salmon, and three of those (Cowlitz, 

Fallert, and Kalama) produced both stream- and ocean-type Chinook salmon.  Releases from 

Dworshak National Fish Hatchery, Lyons Ferry Hatchery, and the Umatilla Hatchery provided 

comparisons between summer-run steelhead (freshwater maturing) and Chinook salmon.  

 

Figure 1. Map of study region 

showing locations of release 

hatcheries, in ascending distance 

from the mouth of the Columbia 

River: 1 (Elochoman River), 2 

(Cowlitz River), 3 (Toutle River), 4 

(Fallert Creek), 5 (Kalama Falls), 6 

(Lewis River), 7 (Washougal River), 

8 (Umatilla River), 9 (Lyons Ferry), 

10 (Dworshak NFH). Map modified 

from Quinn 2005, University of 

Washington Press.  

 

 

Results and Discussion 

Our compiled database for comparisons between Chinook and coho salmon yielded 211 

610 recoveries of 35 094 823 tagged individuals (29% coho, 32% ocean-type Chinook, and 39% 

stream-type Chinook). These releases also included many untagged fish (an additional 54 527 

255 coho, 169 425 966 ocean-type Chinook, and 12 338 542 stream-type Chinook; Table 1).  
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Data pooled across years and hatcheries revealed the highest straying in ocean-type 

Chinook salmon (grand mean 15.5% stray), intermediate in stream-type Chinook (4%), and 

lowest in coho (0.7%), with the rank pattern consistent within all seven locations (Table 1). 

Logistic modeling of straying rates (weighted by number of recoveries, quasi-binomial error 

distribution, logit link) provided overwhelming support for the importance of location, year, 

species, and life history in explaining the observed patterns (Table 2a). Models that excluded any 

of these factors or included interaction terms received no support (the second most parsimonious 

model was 180 log-likelihood units worse). 

Patterns of recovery from 7 604 611 and 10 962 810 tagged ocean-type and stream-type 

Chinook, respectively from the Cowlitz River, Fallert Creek, and Kalama Falls hatcheries 

provided complementary evidence that on average, ocean-type Chinook strayed at nearly three 

times the rate of stream-type Chinook (Table 3). Higher straying by ocean-type Chinook 

compared to stream-type Chinook was observed in all locations (Fig. 4a). Again, model selection 

provided compelling evidence that straying differed among years, locations, and life histories 

(Table 2b).  

Rates of straying differed between Chinook salmon and steelhead based on recoveries of 

9 890 799 and 4 295 446 tagged individuals, respectively. A higher proportion of Chinook 

salmon strayed compared to steelhead (16.5% vs. 2.6% respectively; Table 4). We again 

observed generally consistent patterns within locations and marked differences in the absolute 

rate of straying among locations. Most conspicuously, stream-type Chinook released in the 

Umatilla River tended to stray at anomalously high levels (58%), thus we conducted parallel 

analyses on a subset of the data that excluded Umatilla releases (Table 2c-d).  

Analyses of ca. 350 000 CWT recoveries from nearly 68 million tagged individuals 

revealed fundamental differences in straying propensity between Chinook, coho, and steelhead, 

and between life history types of Chinook salmon through paired- brood year releases into the 

same rivers. Ocean-type Chinook salmon were observed to stray at significantly higher rates than 

stream-type Chinook and coho salmon, which is consistent with the hypothesis that straying by 

adults may be a reflection of juvenile migration, extent of freshwater residency, and patterns of 

imprinting earlier in life. Paired comparisons between Chinook and steelhead revealed species-

specific patterns, but these results were less clear than comparisons between other species and 

may be an indication of seasonal differences in spawning timing (fall vs. spring) or other factors. 

In addition to species and life history differences, we detected evidence of population-specific 

straying rates and observed that locations that produced high or low rates of straying did so 

irrespective of species or life history. Moreover, we detected positive correlations between 

straying in Chinook and coho salmon and ocean-type and stream-type Chinook salmon within 

locations and years, but negative correlations between Chinook and steelhead. Finally, we 

observed significant temporal variation in straying within and among sites but that species-

specific patterns were consistent among sites and years. Taken as a whole, these results 

underscore that in order to be successful, incorporation of straying into modeling frameworks 

must explicitly consider multiple sources of natural variation.  
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Location Species Brood Years Day of year Length Weight Total Released Total Tagged Home Stray Avg. % stray CV

Cowlitz Ocean-type Chinook 1980-1994, 1997-2006 172 (39) 82 (5) 8.1 (5.4) 130,406,609  5,368,258  6,577   248 5.2                0.9

Stream-type Chinook 1972,1980-1987, 92 (44) 172 (25) 69.9 (23.2) 14,868,644     7,478,055  39,010 56 0.11              1.6

1989-1994,1997-2004

Coho 1972,1980-1994, 125 (8) 177 (25) 27.9 (4.5) 46,662,790     3,672,665  28,240 27 0.08              1.7

1997-2006

Elochoman Ocean-type Chinook 1993-1995, 1997-2006 161 (16) 84 (8) 6.7 (1.6) 19,828,740     1,689,551  1,491   718 33.8 0.3

Coho 1993-1995, 1997-2006 114 (12) 137 (5) 29.3 (4.0) 2,327,080       694,673      2,641   28 1.9 1.7

Fallert Ocean-type Chinook 1993-2001,2003-2006 174 (8) 78 (4) 5.9 (0.91) 10,805,332     1,152,336  1,581   347 17.8              0.7

Stream-type Chinook 1993-1997,1999-2006 80 (14) 164 (18) 57.3 (15.7) 2,497,914       1,533,829  2,348   197 9.3                1.5

Coho 1993-2001,2003-2006 114 (8) 141 (5) 33.1 (5.8) 1,371,485       415,407      3,400   21 0.71 1.4

Kalama Ocean-type Chinook 1998-2006 176 (8) 80 (1) 6.4 (0.8) 2,693,513       807,956      1,335   266 14.7 0.4

Stream-type Chinook 1998-2001, 2003-2006 67 (2) 156 (8) 48.3 (6.8) 822,058          805,791      4,167   167 4.2 1.0

Coho 1998-2006 104 (5) 138 (3) 31.1 (4.4) 524,851          522,622      3,726   15 0.76 1.1

Lewis Stream-type Chinook 1992-2006 73 (12) 176 (15) 67.1 (17) 7,979,222       4,011,621  9,090   288 2.5                0.9

Coho 1992-2006 122 (22) 136 (26) 31.5 (2.9) 9,927,536       3,618,651  84,087 124 0.19              1.4

Toutle Ocean-type Chinook 1992, 185 (11) 83 (5) 6.9 (0.68) 5,464,243       897,403      927       56 5.8 1.0

1996-2006

Coho 1992, 131 (10) 139 (3) 30.9 (2.6) 3,573,643       938,210      14,593 89 0.4 1.8

1996-2006

Washougal Ocean-type Chinook 1996-1998,2000-2006 184 (13) 85 (2) 7.5 (0.95) 11,324,491     1,181,458  1,915   370 13.2 0.6

1996-1998,2000-2006

Coho 1996-1998,2000-2006 114 (8) 134 (4) 27.7 (2.5) 308,435          306,337      3,412   53 1.3 1.7

1996-1998,2000-2006

Tag Recoveries Release data

Table 1. Paired-comparisons of Chinook vs. coho salmon stray rates from individuals reared and released at the Cowlitz, Elochoman, 

Fallert Creek, Kalama, Lewis, Toutle, and Washougal hatcheries in the Columbia River basin, USA. For paired comparisons between 

ocean-type and stream-type Chinook see Table 3.  Brood years, day of year, average length (mm, SD in parenthesis), average weight 

(g), total released and tagged. The number of tags recovered at home and as strays was expanded to account for sampling. Average 

stray rate was calculated for each paired- brood year comparison and shown with the coefficient of variation (CV). 
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Comparison Predictors K QAICc Δ AICc QAICc Wt Log-likelihood

Year, location, species, life history 37 692 0 1 -303

Year, location, species 36 867 175 0 -392

Year, species 30 1645 954 0 -789

a) Chinook vs. coho Year x species 57 1650 959 0 -753

Year, location, life history 36 1751 1060 0 -834

Location 8 1809 1117 0 -896

Species 3 2191 1500 0 -1093

Year 29 2971 2280 0 -1453

Life history 3 3281 2589 0 -1637

Null 1 75578 74886 0 -37788

Year, location, life history 32 361 0 1 -132

Location, life history 5 495 134 0 -242

b) Ocean-type  vs. stream-type Chinook Year, life history 30 569 208 0 -240

Year, location 31 638 277 0 -273

Year x life history 57 659 298 0 -190

Location 4 760 399 0 -376

Life history 3 894 533 0 -444

Year 29 972 611 0 -444

Nul 1 17387 17026 0 -8692

Year, location, species 22 315 0 0.7453 -127

Year, location, species, smolt age 23 317 2 0.2547 -126

Location 4 518 203 0 -255

c) Chinook vs. steelhead Year, species 20 976 661 0 -461

     (Including Umatilla) Year x species 37 1009 694 0 -437

Year 19 1096 782 0 -523

Species 3 1101 786 0 -547

smolt age 3 1177 863 0 -586

Null 1 12194 11879 0 -6096

Year, species 20 221 0 0.8532 -81

Year, location, species 21 225 4 0.1136 -81

Year, location, species, smolt age 22 227 6 0.0332 -80

Year 19 240 19 0.0001 -93

d) Chinook vs. steelhead Year x species 37 265 44 0 -45

     (Excluding Umatilla) Species 3 333 113 0 -163

Location 3 341 120 0 -167

smolt age 3 349 129 0 -172

Null 1 11987 11766 0 -5992

Table 2. Modeling results of logistic regression models of comparisons between a) Chinook and coho salmon, b) Ocean-type and 

stream-type Chinook, c) Chinook salmon and summer steelhead (including data from the Umatilla River) or d) excluding data from 

the Umatilla. Models are listed in descending order from most to least parsimonious.   
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Location Life history Brood Years Day of year Length Weight Total Released Total Tagged Home Stray Avg. % stray CV

Cowlitz Ocean-type Chinook 1977,1980-1987, 193 (44) 92 (21) 9.8 (8.3) 130,899,944 5,314,156   6,206    254      5.90           1.10     

1989-2004

Stream-type Chinook 87 (20) 173 (27) 72.2 (24.7) 16,860,333    7,941,001   37,669  186      0.37           3.10     

Fallert Ocean-type Chinook 1993-2006 174 (7) 77 (4) 5.9 (0.88) 10,896,520    1,242,926   1,762    411      18.40         0.62     

Stream-type Chinook 80 (13) 159 (23) 15.7 (15.7) 2,906,669      1,898,314   2,992    211      8.80           1.50     

Kalama Ocean-type Chinook 1976, 1995, 1997-2001, 186 (39) 81 (2) 7.8 (5.3) 6,850,162      1,047,529   1,657    444      16.00         0.37     

2003-2006

Stream-type Chinook 77 (27) 159 (13) 52.9 (21.1) 1,518,828      1,123,495   5,406    252      4.90           0.91     

Tag Recoveries Release data

Table 3. Paired- comparisons of ocean-type and stream-type salmon stray rates from individuals reared and released at the Cowlitz, 

Fallert Creek, and Kalama hatcheries in the Columbia River Basin, USA.  Brood years, day of year, average length (mm, SD in 

parenthesis), average weight (g), total released and tagged. The number of tags recovered at home and as strays was expanded to 

account for sampling. Average stray rate was calculated for each paired- brood year comparison and shown with the coefficient of 

variation (CV).    
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8.7a  Is there evidence in demographic datasets that Pacific salmon function as a 

metapopulation? 

 

A.H. Fullerton and R. Zabel (NOAA Fisheries, Northwest Fisheries Science Center) 

 

Introduction 

Although Pacific salmon typically have a very high homing fidelity (Quinn 2005), they 

have been shown to stray at rates ranging from 1 to 40% (Pess 2009); Westley, Quinn and 

Dittman, in prep). Given concern about increasing synchrony in populations of Chinook salmon 

Oncorhynchus tshawytscha in the Snake River (Moore et al. 2010) and understanding of 

potential drawbacks to managing spatially structured populations as panmictic populations 

(Cooper & Mangel 1999), we sought a way to determine whether inter-population dynamics 

were evident for these populations. We developed a dynamic metapopulation model so that we 

could compare whether a model incorporating dispersal dynamics fits the empirical data better 

than do independent population dynamics models. 

Methods 

Study Area 

We focus on Snake River spring-summer Chinook salmon Oncorhynchus tshawytscha, 

which spawn and rear as juveniles in the Salmon River basin (Idaho), Grande Ronde River basin 

(Oregon), and other tributaries to the Snake River (e.g., Tucannon and Imnaha Rivers) (Figure 

1). The landscape in these basins ranges from arid grasslands to mountainous forest. Many 

streams are federally protected as wilderness areas and are relatively pristine. Other sites have 

been influenced by human activities such as artificial salmon rearing programs, grazing 

practices, water diversions, timber harvest, mining and the introduction of nonindigenous 

species. Additionally, all fish are influenced by the operation of hydropower facilities, which 

may affect fish passage through dams and reservoirs, migration timing, and instream flow and 

temperature. Spring-summer Chinook juveniles generally spend a full year in rearing habitats 

before beginning their migration to the Pacific Ocean. After 1–4 years in the ocean, they travel 

up to 1500 km to return to their natal streams to reproduce. 

We used spatial boundaries for populations as previously identified by the Interior 

Columbia Technical Recovery Team, which are largely synonymous with watersheds (Figure 1).  

The empirical dataset to which we compared models was a 47-year time series of 

spawner abundances for 21 populations included in the spring/summer Snake River Chinook 

ESU (Figure 2) for which we had sufficient data. The spawner abundance dataset was compiled 

by NOAA Fisheries from surveys conducted by local, state, tribal and federal biologists into the 

Salmon Population Summary database (http://www.webapps.nwfsc.noaa.gov/sps). Annual 

population-level abundances were summarized from visual estimates of live spawners, spawned-

out carcasses, or redds (salmon nests). These spawner abundance estimates did not include fish 

captured in the fishery that may have otherwise returned to spawn.  

http://www.webapps.nwfsc.noaa.gov/sps
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Figure 1. Populations in the Snake River spring-summer Chinook salmon ESU. The 5-letter 

acronyms refer to the population names assigned by the Interior Columbia Technical Recovery 

Team (see Section 8.3, Table 1 for full names of populations considered in this study). Derived 

from: http://www.nwfsc.noaa.gov/trt/col_docs/chinook-mpgs-snake_river.jpg. 
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Figure 2. Spawner abundance estimates, summarized annually from empirical 

surveys of live spawners, carcasses, or redds. Source: NWFSC Salmon 

Population Summary database. 

 

 

 

We did not have sufficient data for the Tucannon River, Pahsimeroi River Chamberlain 

Creek, or the Little Salmon River (Salmon River), where data collection was absent or began 

midway through the study period. We omitted these populations and extinct populations (e.g., 

Asotin Cr.) as well as extant but unlisted populations (e.g., the Clearwater River) for which we 

lacked data. We assumed these populations to have the same relative effect on each of the 

models we considered, although we note that there may have been substantial influence on 

population dynamics if straying between these and other populations occurred.  In the dataset we 

used, there were 11 NULL instances (no data for a given population in a given year). For these 

cases, we interpolated values by taking the mean abundance of the surrounding 4 years for the 

appropriate population.  

The Model 

We developed a metapopulation model, adapted from Pess et al. (2012), that was fit to 

observed spawning abundance for each population. The model consisted of a suite of both fixed 

and fitted parameters (Table 1). 
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Table 1. Parameters used in models. 

Variable Description Status 

Ni,t-3 Spawner abundance 3 years prior Empirical 

Ni,t Spawner abundance in year t Calculated 

ri Population growth rate Free 

Ki Density-dependent capacity Free 

St Environmental stochasticity Fixed 

Ei,t Number of emigrants from population i Calculated 

Ii,t Number of immigrants to population i Calculated 

pij Probability of dispersal from population i to population j Calculated 

dij Distance between population i and population j Fixed 

α Shape parameter in dispersal kernel Fixed 

c Tail shape in dispersal kernel Fixed 

σ Observation model error (lognormal) Free 

 

 

Population Dynamics 

Dynamics for each population were controlled by a Beverton-Holt stock-recruitment 

function (Hilborn & Mangel 1997). We assumed that the number of progeny in each population 

in a given year was a consequence of the number of spawners in the parental generation 3 years 

prior; we chose not to use an age-structured model at this stage, although we may consider that in 

the future.  

The metapopulation model takes the form: 

     [
        

  (
        

  
)

   ]                                                                

where Ni,t is the number of spawners in population i produced from its parental generation (Ni,t-3); 

ri is the population-specific intrinsic growth rate (slope at the origin); and Ki is the population-

specific carrying capacity (density dependent term). St is environmental stochasticity; Ei,t is the 

potential number of spawners from population i that attempt to emigrate to nearby populations 

(i.e., do not home to the natal stream) in year t; and Ii,t is the number of spawners that immigrate 

into population i from nearby populations in year t (this term also counts fish that failed at 

emigrating). These three terms are described more fully below. 



8.7 Metapopulation dynamics modeling 

8-114 
 

Environmental Stochasticity 

Exogenous processes acting to alter survival identically for all populations, or common 

year-effects, were characterized as a vector of ‘environmental stochasticity’ values for each year. 

We considered this term to represent processes that all populations experience similarly in a 

given year, such as ocean conditions and human influences (e.g., dam passage, fish harvest, etc.). 

We calculated the environmental stochasticity term by first scaling the 21 spawner time series by 

their standard deviations, and then taking the mean (Figure 3). Because this factor would 

otherwise dominate results, we then adjusted the year-effects trend to have a variance of 25% of 

the variance of original trend, effectively decreasing the magnitude of the time series to limit its 

effect. In all but the null model, we then multiplied the first term of model (the Beverton-Holt 

function) by this fixed effect to alter survival accordingly. 

 

 

Figure 3. The ‘environmental stochasticity’ time series that we used to adjust 

survival estimates in our models (thick black line). The trend is the mean of 

the set of 21 empirical spawner abundance time series (colored lines). Prior to 

taking the mean, we scaled observations in each population by the standard 

deviation for that population. The resulting time series had a mean of ~1; 

values above would increase modeled survival and values below would 

decrease survival. 

 

We also ran some trials in which we allowed the environmental stochasticity trend to 

have a population-specific “loading” for the level of variance reduction (instead of 25% for all 

populations, as above). Due to concerns about overfitting the model, we abandoned this line of 

reasoning for now. 
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In this exercise, we were not interested in attempting to include covariates that act at a 

finer spatial scale. Such local characteristics (e.g., flow, temperature, other habitat characteristics 

and biological interactions) have been shown to improve model fits for individual populations; 

however, our intent was to maintain parsimony while considering the overarching question of 

whether inclusion of dispersal was warranted. 

 

Dispersal 

We used a distance-based dispersal model, where we assumed that the majority of fish 

returned to their natal population to spawn, but that a small fraction attempted dispersal to nearby 

populations. See Chapter 8.3 for a discussion about limitations of using a distance-based 

dispersal model, and for alternative options for characterizing dispersal. 

The locations to which these fish stray are determined by a continuous dispersal kernel 

that causes the probability of dispersal to decrease exponentially as distance between populations 

increases (Clark et al. 1998):  

     
 

        
   [ |

   

 
|

 

]                                                         

where α is a shape parameter (in km) that determines how steeply the curve drops off with 

distance, c is a dimensionless shape parameter controlling the tail, and dij is the hydrologic 

network distance between each population pair. Guided by empirical estimates (ICB TRT 2003 

and analyses of coded-wire tags), we set α =5 and c=1 (exponential) (Figure 4; Chapter 8.3). 

Here, however, we modified inter-population distances to account for the tendency of fish to 

stray to populations downstream of natal populations and for fish from the same genetic lineage 

to have more dispersal events than those more distantly related. Accordingly, we penalized 

upstream movements or movements between major population groups by doubling their 

hydrologic distances (dij). Because we considered dispersal between populations at discrete 

locations in space, we needed a way to account for fish that would be “lost” by strictly applying 

this curve (i.e., fish would arrive at a location that is not fit for spawning). To account for this, 

we follow the approach used by Schick and Lindley (2007). We standardized movements by 

dividing elements in P, the matrix of inter-population dispersal probabilities, by their column 

sums so that all fish were forced to return somewhere, resulting in a suite of population-specific 

homing and dispersal probabilities.  
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Figure 4. Dispersal probability estimated using a continuous dispersal 

kernel (α = 5, c=1) and a bias toward dispersing downstream and within the 

natal major population group.  

 

Using this dispersal kernel, we then determined for each population i the total number of 

fish emigrating from that population into nearby populations as:  

     ∑        

 

   

                                                                              

where FTit is the first tem of Equation 1 for population i in year t and pij is from Equation 2. 

Similarly, for each population i we calculated the number of fish immigrating into that 

population from nearby populations as: 

     ∑        

 

   

                                                                             

 

Parameter Estimation 

We used a maximum likelihood approach to estimate ri, Ki, and σ for all models (Table 

1). We assumed an observation error model with log-normally distributed errors around the 

counts. We calculated the negative log-likelihood of the predicted population size, given the 

observed population size, using σ = the standard deviation of the process error for all the 
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spawning populations. In future iterations, we may include parameters from the dispersal model 

in the fitting process.  

Model Comparison 

We used Aikaike’s Information Criterion, corrected for small sample sizes, AICc, to 

determine which of the proposed models fit the data better (Burnham & Anderson 2002). We 

compared 3 models: (1) a null model, which considered population dynamics for each population 

separately; (2) a model which considered population dynamics separately but also included 

environmental stochasticity; and (3) a model which included independent population dynamics, 

environmental stochasticity, and dispersal. Our aim was to assess whether there was support in 

the data for inclusion of dispersal among populations after accounting for other factors that cause 

temporal variability in population abundances (e.g., models 2 and 3). We include the null model 

to see the relative effect of dispersal compared to other drivers of variability (e.g., whether the 

difference between models 2 and 3 is bigger than the difference between models 1 and 2). 

 

Results & Discussion 

To date, we have the model coded in R and have completed some initial fitting. 

Preliminary evidence using model selection techniques (AICc) suggests that the metapopulation 

model may fit better than models that ignore dispersal. However, plots of fitted data from each 

model do not appear to differ, and do not fit the empirical data well. We therefore believe that 

our models may not be converging on global optima. It is clear that other drivers of variability 

(as represented by our environmental stochasticity term) have a much greater influence than does 

dispersal. Further testing and development of the approach is underway to determine whether 

this approach is warranted. 
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8.7b Bayesian modeling of metapopulation dynamics 

 

G. Bal, M. Scheuerell, E. Ward, and E. Holmes (NOAA Fisheries, Northwest Fisheries Science 

Center) 

 

 

Introduction 

Although anadromous species, including salmon, are extremely important ecologically, 

economically, as well as culturally, their populations have suffered severe regional declines and 

local extinctions because of harvest, hatchery, habitat degradation and hydropower (Limburg and 

Waldman, 2009).  

As mentioned in the introduction of this chapter, salmon populations are structured into 

meta-populations (Schtickzelle and Quinn, 2007). Although homing is an important 

characteristic of anadromous fishes, straying also occurs. The estimate of the role of straying in 

local population persistence has not been thoroughly investigated. For example some habitat 

patches are naturally more productive than others and a few patches may operate as highly 

productive source subpopulations that support adjacent sink subpopulations. Protecting these 

source patches should obviously be a priority. Focusing in more detail on metapopulation 

dynamics of salmons thus appears as an interesting line of research to improve the management 

of anadromous species.  

This project aims at developing a spatially explicit Bayesian population model integrating 

straying rates using mark-recapture data and to compare its outputs in population viability 

analysis to that of models that do not include metapopulation dynamics. The combination of 

mark-recapture data and Bayesian modeling presents several advantages. Firstly, mark-recapture 

models are valuable for assessing diverse demographic and behavioral parameters in a 

hierarchical framework (Calvert et al., 2009). Secondly, Bayesian models have proven 

particularly useful i) dealing with data sparseness by combining information across data sets as 

well as expert opinion using informative priors (McCarthy and Masters, 2005) ii) estimating 

uncertainty, a key issue for prediction and population management (Harwood and Stokes, 2003). 

There is also a need for integrating modeling approaches so that harvest, habitat, and 

hatchery managers will be better able to synthesize and coordinate their salmon management 

decisions (Knudsen and Michael, 2009). The model developed here could serve as a template to 

build a complete comprehensive life-cycle model that integrates the effects of different impacts 

(risk factors) and environmental parameters (e.g., climate) over the entire life cycle and to 

achieve significant progress toward the management of anadromous species. 

The following sections present preliminary findings for this project. First, we compiled 

data on freshwater and marine survival rates and stray rates for both wild and hatchery Chinook 

salmon from the Columbia River that will be used as prior probabilities in models. Efforts to 

improve the model performance are ongoing, and complete results from the metapopulation 

model framework will be presented in the near future.  
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Methods 

As case studies, we applied the framework described above to Chinook salmon 

(Oncorhynchus tshawytscha) from the Columbia River (Figure 1), which are listed as threatened 

or endangered under the Endangered Species Act (ESA). This comparison allows us to examine 

the importance of taking into account the metapopulation structure for different species on the 

same river network. Among all the salmon species present on the Columbia River system, 

Chinook salmon is one of the most important for management. In addition to being commercially 

valuable, one example of current issues is that high releases from hatcheries are thought to have 

higher straying rates than wild fish (Araki et al., 2008; Bjornsson et al., 2011). Release and 

recapture data used in this study were derived from PIT tag data coming from the Columbia 

River Data Access in Real Time (DART) website (www.cbr.washington.edu/dart/). Analyses 

presented thereafter are divided in two parts.  

First a mark recapture model was developed using PIT-Tag data gathered between 1998 

and 2008. It aimed at looking at both the river (from tagging to Bonneville dam as smolt) and 

marine (from Bonneville dam as smolt to Bonneville dam as adult) survival as well as straying 

rates of salmon. We focused on the differences in the performances of wild and hatchery fish as 

the latter i) represent a great proportion of the juvenile present on the tributaries of the Columbia 

River system, and ii) generally exhibit higher stray rates and lower survival than their wild 

counterparts. Individual probabilities of survival were estimated independently on a year basis 

for 1+ fishes tagged on the four ESUs of the Columbia River systems which serve as basic 

spatial units: the Lower Columbia River ESU, the Middle Columbia River ESU, the Upper 

Columbia River ESU and The Snake River ESU. The individual probability of straying for each 

ESU was assumed to be constant between 2002 and 2008 to give first rough estimates. No 

detectors prevented us from having estimates of straying probabilities on the four ESUS for 

fishes tagged before 2002. Detection of adults on major dams is close to 1 (greater than 0.95), 

and were thus assumed to be equal to 1. A strayer is a fish that successfully returns from the sea 

(i.e detected at Bonneville dam) whom the last detection location does not correspond to the 

major dam delimiting the entrance to it ESU of origin: Bonneville dam for the LC ESU, McNary 

Dam for the for the MD ESU, Ice Harbor for the S ESU and Priest rapid for the UC ESU. 

Because of the high number of fish tagged (several hundred thousand per ESU), we combined 

data by possible recapture history.  

Then, we tested the hypothesis that individual probability of straying might differ 

depending on smolt age, marine age, origin (ESU), rearing type (wild versus hatchery), year of 

departure to the sea and year of return with only ages considered as numeric variables. Also, we 

considered the following meaningful interaction between these covariates: ESU x rearing type, 

ESU x year of departure to the sea, ESU x year of return, ESU x smolt age x rearing type, ESU x 

marine age x rearing type. To select the most important variables influencing the individual 

probability of straying rates, we fitted a series of weighted logistic regression models with 

various combinations of predictors and assessed the support for each model in a selection 

framework. We used Aikaike’s Information Criterion, corrected for small sample sizes, AICc, to 

determine which of the proposed models fit the data better (Burnham and Anderson, 2002). 

Models were fitted with quasi-binomial error structure and logit link in R 2.15.2 (R Core Team 

2012). The model selection was performed using the "MuMin" package (Bartoñ 2012). 
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Figure 1. Columbia River watershed. Red rectangles represent major dams with receivers that 

delimits the four ESUs represented by green shapes:  the Lower Columbia ESU (LC), the Middle 

Columbia ESU (MC), the Snake River ESU (S) and the Upper Columbia ESU (UC) 

  



8.7 Metapopulation dynamics modeling 

8-122 
 

Results 

Outputs from the CMR model 

Uncertainties in the 95% Bayesian credibility interval of individual probabilities of river 

(from tagging to Bonneville dam) and marine (from Bonneville Dam to Bonneville dam) 

survival of wild and hatchery fish coming from the four ESUs are quite large (Figures 2-5). As a 

consequence, the estimated posterior distributions for wild and hatchery fish from the same ESU 

and tagging year are often largely overlapping. It is thus not possible to clearly assess whether 

there is a significant difference between rearing types. Nevertheless a few patterns can be 

highlighted. First, river survival of wild fish tagged on the Middle Columbia River ESU tended 

to be higher than that of their hatchery counterparts (Figure 3). This phenomenon also occurred 

when looking at marine survival of fishes coming from the Lower Columbia ESU, the Middle 

Columbia ESU and the Snake River ESU (Figure 2-4). On the contrary, the river survival of 

hatchery fish from the Upper Columbia ESU seems to be better than the one of wild fish (Figure 

5). Lastly, the individual probability of marine survival on the Middle and Snake River ESUs has 

increased to more than double the value at the beginning of the study period.  

The capture mark recapture analysis revealed interesting trends over time in survival. 

Indeed, the river survival of both hatchery and wild fish from all the ESUs, with the exception of 

the Snake River ESU, appeared to be declining with time (Figures 2-5). Depending on the ESUs 

and rearing type considered, this decrease ranges from about 20 to 40% in 10 years. It is also 

worth noting that despite the contrasted length of their trip to the sea, fish coming from the 

different ESUs did not exhibit clear deviations in their individual probabilities of river survival. 

Also, marine survival did not differ depending on the ESU considered. 

In case of the mean individual straying probability of fish tagged between 2002 and 2008 

on the four ESUs, the Bayesian 95% credibility interval is large, especially for wild fish from the 

Lower Columbia River and Upper Columbia River ESUs (Figure 6), leading to some overlap 

between the estimates of wild and hatchery fish. This large uncertainty is due to small sample 

sizes. Nevertheless, results suggest that the straying rates of hatchery fish are generally greater, 

with the exception of fish from Lower Columbia River ESU. Secondly, the individual straying 

probability of fish tended to increase with the distance between the ESU they originated from 

and the river mouth. This result is particularly apparent for hatchery fish (Figure 6). 

Drivers of individual straying probability 

Our model selection analysis was designed to assess the impact of rearing type, river and 

marine age, origin, and year of departure to sea, as well as the year of return on fish probabilities 

of straying, which allowed the selection of 8 concurrent models with nearly equal AICc values 

(Table 1). These models are thus the best combinations of predictive performance and data fit. 

Among them, two models have a significantly lower number of parameter and were thus retained 

them as the best ones (Table 1). The first model includes origin, smolt age and an interaction 

between smolt age and origin as covariates. In the second one, rearing type effect also appeared 

as being significant (Table 1).  Estimate of individual straying probabilities using these models 

are shown on Figure 7. First, the deviation in straying rates between ESUs are biologically 

relevant and increases with the distance between the ESU. The longer the distance between the 
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ESU fish originated from and the Columbia River mouth, the higher the individual straying 

probability. At the same time, smolt age appeared to have a negative impact on the straying 

probability of fish from the Lower and Middle Columbia River ESUs, but it was positive on the 

two other ESUs. When looking at the estimates provided by the second model, conclusions 

remain the same concerning the impact of distance and marine age on the individual probabilities 

of straying of fish tagged in different ESUs. Nevertheless it also highlighted a general more 

pronounced straying rate of wild fish whatever the ESU considered for a given sea age (Figure 

7). This impact of rearing type also appeared more pronounced with sea age and distance of 

origin from the Columbia River mouth. It is also interesting to note that for older fish from the 

Upper Columbia River ESU, estimates of straying are particularly high.  
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Figure 2. Individual probabilities of river and marine survival of fish tagged on the Lower 

Columbia River ESU between 1999 and 2008. 
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Figure 3. Individual probabilities of river and marine survival of fish tagged on the Middle 

Columbia River ESU between 1998 and 2008. 
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Figure 4. Individual probabilities of river and marine survival of fish tagged on the Snake River 

ESU between 1998 and 2008. 
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Figure 5. Individual probabilities of river and marine survival of fish tagged on the Upper 

Columbia River ESU between 2002 and 2008. 
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Figure 6. Mean individual probabilities of straying of fish tagged on the Lower Columbia River 

ESU (LC), the Middle Columbia River ESU (MC), the Snake River ESU (S) and the Upper 

Columbia River ESU (UC) between 2002 and 2008. 
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Table 1. Modeling results of logistic regression to assess the impact of smolt age, marine age, 

origin (ESU), rearing type (wild versus hatchery), year of departure to the sea and year of return 

on the individual probability of straying. Models are listed in descending order from most to least 

parsimonious. Shaded grey and light grey indicates chosen models according to their low Df 

compared to their relatives. Model with a significant AICc deviation from the best model are not 

presented. 

AIC model 

ranking Smolt age Sea age ESU 

Rearing 

type Year return 

Sea age 

x ESU Df AICc ΔA  c 

1  -3,23 +  + + 16 264,9 0 

2  -2,97 +   + 8 265,2 0,296 

3 -0,389 -3,21 +  + + 17 265,3 0,373 

4  -3,38 + + + + 20 265,9 0,953 

5 -0,409 -3,42 + + + + 21 266,4 1,429 

6  -3,01 + +  + 9 266,5 1,517 

7  -3,3 + + + + 17 266,5 1,536 

8 -0,418 -3,29 + + + + 18 266,6 1,643 
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Figure 7. Mean individual probabilities of straying of fish tagged on the Lower Columbia River 

ESU (LC), the Middle Columbia River ESU (MC), the Snake River ESU (S) and the Upper 

Columbia River ESU (UC) between 2002 and 2008. Panel A corresponds to fitted values of the 

best model including an impact of the sea age and ESU as well as an interaction between these 

terms. Panel B corresponds to the second model selected which also include an impact of the 

rearing type of fishes (wild (W) and hatchery fish (H)). 
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Discussion 

Our project is aimed at the development of a Bayesian metapopulation model to improve 

the population modeling of Oncorhynchus species. As a case study, we are working on Chinook 

salmon from the Columbia River. This species is affected by management plans including 

release of hatchery fish. While the fitness of hatchery fish is thought to be lower than that of their 

wild counterparts, their straying rates may be higher (Saloniemi et al., 2004; Araki et al., 2008;  

Bjornsson et al., 2011). These fish could thus have a big impact on the metapopulation 

functioning. As a consequence, we focused the first part of our work on the comparison of the 

general performances (straying probability and survival) of wild and hatchery fish from the four 

ESUs of the Columbia River system using a capture mark recapture model. Then we tried to gain 

insights in the impact of individual characteristics on the probability of straying using linear 

models and model selection. 

Uncertainties in estimates coming from our CRM model are large because of a low 

sample size when simultaneously estimating survival rates and detection probabilities. The 

number of individuals whom the life history is completely known is limited to a few hundred 

which can impede some estimates’ precision as it the case for river survival. Our results reveal 

that the individual probability of wild and hatchery fish river survival (from tagging to 

Bonneville dam) tended to be similar, while the marine survival probability of hatchery fish 

tends to be lower for hatchery fish when compared to that of their wild counterparts even though 

this pattern is not confirmed on one ESU. These results are in agreement with higher fitness of 

wild fish generally found (Saloniemi et al., 2004; Araki et al., 2008). When looking at the mean 

individual probability of straying coming from the mark recapture models fitted on each ESU, 

results also suggest that straying of wild fish is lower than that of their hatchery counterparts. In 

addition, a positive link between straying probabilities and the distance between the ESU the fish 

originated from and the Columbia River mouth emerges.  

When examining the results coming from the linear modeling of straying rates, this 

pattern of an increasing probability of straying with distance remained significant. This finding is 

in agreement with a binary choice of migratory fish at each tributary. Fish migrating to 

headwater locations have more tributaries to navigate, resulting in higher straying probabilities. 

A natural behavior intrinsic to these populations (before the introduction of dams) also seems 

possible, as fish from the Lower Columbia ESU can also become strayers. This behavior could 

have some adaptive value allowing the colonization of new sites  The second part of our analyses 

also reveals an impact of marine age on individual straying probabilities. If the increase of 

straying probability with marine age exhibited by fish from the Upper Columbia River and Snake 

River ESUs is in agreement with a decrease in imprinting through time, we have few 

assumptions to explain the inverse relationship found on the two other ESUS. Our results also 

suggest that when accounting for marine age and origin in straying probabilities, the individual 

straying probability of hatchery fish tended to be lower than that of wild fish what contradicts 

results from previous studies (Araki et al., 2008; Bjornsson et al., 2011). Globally, straying 

probabilities found in both parts of our analyses correspond to those ranging from 1 to 40% 

reported by Pess (2009) and Westley et al. (this report) even if the spatial scale considered 

differs. 
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Planned improvements and further analyses 

Results obtained in this study will be compared to that of the Fish Center Passage 

Comparative Survival Study of PIT-tagged Spring/Summer Chinook and Summer Steelhead 

2012 annual report. In addition, the possibility to use model averaging as a tool to better account 

on the uncertainty in model selection (Table 1) will be considered. As previously mentioned, 

juvenile individual detection probabilities at Bonneville dam (roughly 0.1, not shown) and 

marine survival probabilities are low, we have only a few individual fish with overall life history 

known. As a consequence, model selection tends to favor models with a relatively low number of 

parameters which can explain the presence of the two models we selected among most complex 

models. It is worth noting that a negative impact of smolt age is selected for three models among 

the best 8. The time spent in river as juvenile could increase imprinting, resulting in a higher 

return probability. As well, an impact of the year of return (considered as a factor in the 

analysis), common to all ESUs, is selected in 6 of these 8 models. Some year to year variations 

are thus possible. These two steps will allow us to confirm and refine our first estimates about 

survival and straying rates. Then estimates will be used as prior probabilities to develop the 

metapopulation model framework. Next analyses will include: i) the development of a matrix of 

straying between the ESUs, ii) a refinement of the CMR model to include age structure, and iii) 

the development of stock recruitment relationships. Our results will also be compared be 

compared with the known genetic structure and straying rates estimated from genetic analyses. 
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9.1: Supplementation and population dynamics 

9.1 Impacts of supplementation on population dynamics of Snake River 
spring/summer Chinook salmon 
 
Eric R. Buhle (Northwest Fisheries Science Center, Seattle, WA), Mark D. Scheuerell 
(Northwest Fisheries Science Center, Seattle, WA), Michael J. Ford (Northwest Fisheries 
Science Center, Seattle, WA), Thomas Cooney (Northwest Fisheries Science Center, 
Portland, OR), and Richard W. Carmichael (Eastern Oregon University, Oregon 
Department of Fish and Wildlife, La Grande, OR) 
 
Introduction 
 

Throughout the history of the decline of Pacific salmonids (Oncorhynchus spp.) on 
the West Coast of North America, one of the most widespread management responses to 
declining populations has been artificial propagation of salmon in hatcheries (NRC 1996, 
Lichatowich 1999). In the Pacific Northwest and California, hatchery production 
increased rapidly starting in the 1950s, peaking at over 500 million annual releases in the 
1980s before declining to about 300 million more recently (Naish et al. 2008). In many 
rivers, including the Columbia River, hatchery-origin fish comprise a majority of adult 
returns (NRC 1996) The large scale of hatchery programs has raised concerns about 
unintended impacts on wild populations due to overharvest in mixed-stock fisheries, 
competition for resources, apparent competition mediated by predators, transmission of 
pathogens and parasites, and introgression of hatchery-selected genes into the wild gene 
pool (reviewed by NRC 1996, Flagg et al. 2000, Einum and Fleming 2001, Berejikian 
and Ford 2004, Naish et al. 2008). 

The majority of hatchery programs in the Pacific Northwest are intended to either 
mitigate for lost habitat or to directly augment fisheries (Naish et al. 2008).  In response 
to declining wild populations and in part due to concerns about potential negative effects 
of hatchery fish, since the early 1990s attention has increasingly focused on 
supplementation hatchery programs, which are intended to use hatchery production to 
increase the abundance of wild populations (Waples et al. 2007, Naish et al. 2008).  
Supplementation programs typically promote gene flow between the wild and hatchery 
populations by collecting native broodstock and allowing hatchery-origin adults to spawn 
naturally (Mobrand et al. 2005), and may also use enhanced hatchery rearing practices in 
an effort to minimize the divergence in fitness (e.g., Berejikian et al. 2001).  

 Despite some evidence that supplementation can at least temporarily increase wild 
abundance (e.g., Sharma et al. 2006), substantial uncertainties remain about the net 
demographic impact of supplementation on wild salmon populations (Waples and Drake 
2004, Waples et al. 2007). One of the most critical uncertainties involves the contribution 
of hatchery-reared adults to natural production, relative to their wild-born counterparts. In 
the case of Hood River steelhead (O. mykiss), genetic parentage analysis showed 
significant reductions in relative reproductive fitness after just a single generation of 
hatchery cultivation (Araki et al. 2007) that carried over to the wild-born progeny of 
hatchery-reared individuals (Araki et al. 2009). These effects may be the result of 
domestication selection or the relaxation of natural selection on a variety of heritable 
physiological and behavioral traits, such as feeding and growth rates, agonistic and 
predator avoidance behaviors, and the timing of migration and reproduction (e.g., Einum 
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and Fleming 2001). In contrast, Hess et al. (2012) found no reduction in reproductive 
fitness of Chinook salmon (O. tshawytscha) reared in an Idaho supplementation hatchery 
program. More generally, estimates of relative fitness of hatchery salmonids vary widely 
across species and hatchery program types and over time (Berejikian and Ford 2004, 
Araki et al. 2008). The relatively short-term genetic analyses of individual reproductive 
success do not directly address the long-term consequences of supplementation or the 
dynamics of the integrated wild and hatchery population (ISAB 2005). 

Understanding the impacts of supplementation on population dynamics requires 
disentangling the relative reproductive success of wild- and hatchery-origin fish from 
density dependence in population growth rates. If population growth is density-dependent 
and supplementation achieves its goal of increasing abundance, then per capita 
productivity would be expected to decline even if hatchery and wild individuals have 
equal fitness. In contrast, captive breeding and rearing might reduce the per capita 
productivity of hatchery fish in the natural environment regardless of density (e.g., by 
selecting for maladaptive shifts in the timing of life-history events), thereby reducing the 
intrinsic productivity (density-independent growth rate) of hatchery-reared adults. In this 
case the average per capita growth rate of the integrated population would decline as the 
proportion of hatchery-origin fish increases (holding total density constant), and 
conversely the magnitude of this decline would be independent of total density. In 
contrast, however, some behavioral studies suggest that differences in fitness between 
wild and hatchery individuals may become more pronounced at higher densities (e.g., due 
to inferior performance of hatchery males in competition for mates; Fleming and Gross 
1993). This could lead to reduced carrying capacity, or equivalently an increase in the per 
capita strength of density dependence experienced by hatchery fish. In this case, the 
average per capita growth rate of the integrated population would be independent (or 
nearly so) of the proportion of hatchery fish when total density is low, but would show 
increasingly steep declines with higher hatchery contribution as density increases. 

A number of studies have used population abundance data to examine the effects of 
naturally spawning hatchery salmonids on overall productivity. One common approach 
(Nickelson 2003, Chilcote 2003, Chilcote et al. 2011) has been to compare multiple 
populations that have experienced varying degrees of hatchery influence by regressing 
the intrinsic productivity of each population (as estimated from spawner-recruit models 
applied to time series of total abundance) against the average proportion of the population 
that was of hatchery origin. Applying this approach to an extensive dataset including 
Chinook and coho (O. kisutch) salmon and steelhead from the Columbia Basin and 
coastal Washington and Oregon, Chilcote et al. (2011) found a negative relationship 
between productivity and the proportion of hatchery fish that was consistent across 
species, locations, and hatchery broodstock origins (i.e., wild or domesticated). While 
this methodology offers insight into the direction and magnitude of differences between 
populations with varying average levels of hatchery influence, it does not directly address 
the question of how the density-dependent and -independent components of population 
dynamics differ between wild and hatchery spawners, in part because it averages over 
interannual fluctuations in the densities of both types of spawners and in part because 
hatchery spawner density is treated implicitly, as a proportion of the total population. 
Buhle et al. (2009) used a different approach based on spawner-recruit models for the 
total population that contained separate terms for wild and hatchery spawner density, 
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allowing a direct comparison of the strength of their per capita effects, and found larger 
per capita reductions in productivity associated with hatchery spawners. This approach, 
however, still cannot map these differences onto the parameters of a population-dynamics 
model, because the reproductive contributions of wild and hatchery spawners are 
combined into one overall measure of productivity. To put it another way, either of the 
scenarios described above (altered intrinsic productivity or density dependence, or a 
combination of the two) could produce the patterns detected in previous analyses. 

Here we present a novel approach to estimating the population-dynamic parameters 
of wild and hatchery fish spawning in a mixed population. The main obstacle to 
estimating these parameters from typical population monitoring data is that, while such 
data often provide a means of distinguishing wild-origin and hatchery-raised adults on the 
spawning grounds (e.g., by markings, tags, or scale growth patterns), they cannot identify 
the parentage of returning wild-origin fish and thus cannot directly estimate the 
reproductive contributions of the two types of spawners. Genetic analysis would make 
this possible, but genetic data are difficult and costly to collect and are available for only 
a limited number of populations and years. Instead, we use spawner-recruit models that 
describe total natural production as the sum of contributions by wild and hatchery 
parents, and rely solely on the information in typical abundance monitoring datasets. We 
illustrate this method with data from multiple populations of Snake River spring/summer 
Chinook salmon. 

 
Methods 
 
Data 
 

We chose the Snake River spring/summer Chinook salmon Evolutionarily Significant 
Unit (ESU) as a case study because of its Endangered Species Act listing as Threatened 
and the availability of temporally and spatially extensive monitoring data. Also, roughly 
half the populations in the ESU have experienced both unsupplemented and 
supplemented periods while the rest have never been supplemented, providing contrast in 
the data.  

We used the adult abundance dataset compiled by the Interior Columbia Technical 
Recovery Team and available online (NWFSC 2010) to obtain annual estimates of adult 
spawner abundance for each of 23 populations (Table 1). In most cases these estimates 
were derived by expanding redd counts in index survey reaches; see NWFSC (2010) for 
details. Spawner age composition (typically based on length-age relationships) and the 
proportion of spawners of first-generation hatchery origin (typically based on analysis of 
scale growth patterns) were also estimated (NWFSC 2010). We obtained in-river harvest 
rates for each population from annual reports produced by the US v. Oregon Technical 
Advisory Committee (e.g., JCRMS 2010). 

The spawning habitat area (in ha) available to each population was estimated from the 
wetted channel width in 200-m reaches within the current spawning distribution, 
delineated in a GIS based on the 1:100,000-scale National Hydrography Dataset (NHD). 
Wetted widths were in turn estimated from regressions of field-measured wetted width 
against upstream drainage area and mean annual discharge (for details see ICTRT 2007, 
Appendix C). 
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For each population, we calculated the number of wild-origin adult recruits produced 
by each generation of spawners (indexed by brood year) by summing over adult age 
classes. (“Wild-origin” here refers to individuals born in the river as opposed to the 
hatchery, regardless of parentage) We adjusted this number by the annual in-river harvest 
and the number of wild-origin adults removed from the population in each year for 
hatchery broodstock to estimate recruitment to the mouth of the Columbia River. We 
converted spawner and recruit abundance to density (fish/ha) using the spawning habitat 
area to allow comparison among basins that vary widely in size. Wild-born and hatchery-
reared spawner density were estimated from total spawner density and the proportion of 
each spawner type. In total, our dataset included 860 observations from 23 populations, 
with most population time series covering brood years 1962-2003 (Table 1). Of these 
populations, 13 were supplemented, which we define by the recorded presence of at least 
one hatchery-origin spawner, although the proportion of hatchery fish varied widely 
within and among populations (Table 1). Supplementation generally began in the mid-
1980s, so even supplemented populations provide roughly 20 yr of pre-supplementation 
data. 

As described below, our models include a smolt-to-adult survival rate (SAR) common 
to all populations. SAR parameters were based on annual estimates of outmigrating 
smolts and returning adults (corrected for in-river harvest), aggregated across the Snake 
River spring/summer Chinook ESU. These estimates were derived from counts of 
migrating juveniles and adults passing the uppermost dam (i.e., closest to the spawning 
grounds) on the mainstem Snake River. Adult age structure (based on length-age 
relationships) was used to match returning adults to their cohort (i.e., brood year). We 
followed Williams et al. (2005) for brood years 1962-1994 and Schrader et al. (2010) for 
more recent years. 
 
Spawner-recruit models for a mixed population 
 

To examine the relative productivity of naturally reproducing wild- and hatchery-
origin adults, we fit models that describe the production of recruits by a mixed population 
including both types of fish. These models generally take the form 

( ) ( )[ ], ,, ,,,, thtwhthtwwtt SSfSSfR +=φ
 

 
where Sw,t and Sh,t are the densities of wild and hatchery spawners, respectively, in brood 
year t and Rt is the density of adult recruits (corrected for in-river harvest) of all ages 
produced in brood year t. The functions fw(Sw,t, Sh,t) and fh(Sw,t, Sh,t) give the smolt 
production by wild and hatchery spawners, respectively, each of which may depend on 
the densities of both types of fish, and φt is the smolt-to-adult survival rate for brood year 
t. This generic model structure recognizes that salmon population monitoring datasets 
often distinguish the two rearing types in estimates of spawner abundance, but typically 
cannot identify the parentage of returning wild-origin adults. Thus any information on the 
relative reproductive success of wild and hatchery spawners contained in such data comes 
from observations of the total combined recruitment over a range of spawner densities, 
and accordingly the data will be informative to the extent that the observations provide 
contrast in the (Sw,t, Sh,t) space. By formulating the model as a sum of two distinct smolt 

 4



9.1: Supplementation and population dynamics 

production terms, we do not explicitly account for interbreeding between wild and 
hatchery adults or potential introgression of hatchery-selected genes into the nominally 
“wild” population over multiple generations (Ford 2002, Araki et al. 2009). The model is 
tailored to the available data, which do not provide estimates of relative mating 
frequencies or of ancestry, and can only distinguish F1 hatchery fish (i.e., those reared in 
the hatchery) from individuals born in the wild. 

We considered three specific forms of the smolt production functions. First, a density-
independent discrete exponential growth model is 

 
( )
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where ak is the discrete reproductive rate, or per capita smolt production, for spawner 
rearing type k. The second functional form is the Leslie-Gower model (Leslie and Gower 
1958), which may be viewed as a discrete-time analogue of the Lotka-Volterra 
competition model or an extension of the familiar Beverton-Holt model to include 
multiple interacting species or subpopulations: 
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where ak is the intrinsic growth rate, or maximum per capita smolt production for 
spawner rearing type k, and the competition coefficients bjk represent the per-capita 
density-dependent effect of spawner type k on type j. This model describes competition 
for resources both within and between each of the two components (wild and hatchery) of 
a mixed population, with the relative magnitudes of the competition coefficients 
determining the strength of pairwise interactions. We simplified the Leslie-Gower model 
by assuming that although wild and hatchery fish may differ in their interaction strengths, 
the per capita effect of a given rearing type on the other rearing type is identical to its 
effect on itself (i.e., bjk = bkk). That is, competitive ability may be unequal, but not 
asymmetric. We imposed this restriction because initial attempts to fit the model with an 
unconstrained 2×2 competition matrix either failed to converge or to produce informative 
posterior distributions, suggesting that there is insufficient information in the data set we 
examined to jointly estimate all parameters in the full model. To aid in interpretation of 
the parameters, we reparameterized the Leslie-Gower model using the maximum 
(asymptotic) smolt production by rearing type k in isolation, Rmax,k = ak/bkk: 
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The third smolt production function we considered is the Ricker model, again in its 
multispecies (or multi-subpopulation) form: 

( ) ( )( )[ ]
( ) ( )( )[ ], 1logexp,

1logexp,

,,,,,

,,,,,

thhhtwhwhththtwh

thwhtwwwwtwthtww

SbSbaSSSf
SbSbaSSSf

−−=

−−=  

 
where the parameters have a similar interpretation to those in the standard Leslie-Gower 
model. As in the Leslie-Gower case, we constrained the Ricker model by assuming 
competitive symmetry and reparameterized using the maximum smolt production by 
spawner type k in isolation, which in this case is Rmax,k = ak/ebkklog(ak), where e is the 
base of the natural logarithm. The reparameterized model is then 
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For each model structure, we compared special cases in which the parameters a and 

Rmax for wild and hatchery spawners either differed or were identical, in all possible 
combinations. (Note that in the case where aw = ah and Rmax,w = Rmax,h, the Leslie-Gower 
model reduces to the standard Beverton-Holt and the extended Ricker reduces to the 
standard Ricker.) Thus there were two versions of the discrete exponential model and 
four for each of the density-dependent models, for a total of ten candidate models. We 
define the parameters α = ah/aw and ρ = Rmax,h/Rmax,w as offsets for the hatchery spawner-
recruit parameter values relative to their wild counterparts. Values of α < 1 correspond to 
reduced intrinsic productivity for hatchery spawners relative to wild spawners, and 
likewise values of  ρ < 1 correspond to reduced maximum smolt production. 

 
Hierarchical Bayesian estimation 
 

Because the Snake River spring/summer Chinook salmon data set includes multiple 
populations, we expanded the models described above to allow interpopulation variation 
in the parameters of the smolt production functions. Population-specific values of 
intrinsic productivity and maximum smolt production by wild and hatchery spawners 
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were treated as random effects, drawn from hyper-distributions whose parameters 
represent the ESU-level mean and variability of each parameter. Specifically, we used 
lognormal hyper-distributions, which ensure that all parameters were positive as required: 
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where for each parameter θk,j for spawner type k in population j, μθk is the hyper-mean of 
the log-transformed parameter and σθ is its standard deviation. Note that while the 
parameters for wild and hatchery spawners may have different hyper-means (depending 
on the specific model structure), they are assumed to share a common lognormal standard 
deviation, and hence the among-population coefficient of variation is the same for the 
wild and hatchery versions of each parameter, since 
 

( ) ( ) ( ) 1expE/VarCV 2 −== θθ σθθ kkk
. 

 
We found this assumption of a common CV was necessary to ensure parameter 
identifiability, but it did not appear to strongly influence estimates of the population-level 
parameters or hyper-means. When wild and hatchery hyper-means are identical (μθw = 
μθh), the parameters in each population are identical as well (θw,j = θh,j). When they differ, 
we calculate the hatchery/wild parameter offsets for population j as log(α j) = log(ah,j) - 
log(aw,j) and log(ρj) = log(Rmax,h,j) - log(Rmax,w,j), and somewhat informally define μα = μah 
- μaw and μρ = μRmax,w - μRmax,h, noting that the random effects distributions are not 
specified for the offsets directly. 

We fit each candidate model to the data using a hierarchical Bayesian framework 
(Clark 2005, Cressie et al. 2009), which is well suited to account for multiple levels of 
variability, including the likelihood of the data themselves, the among-population 
variability in the parameters, and the uncertainty in the hyper-parameters. We used a 
lognormal likelihood for the observed recruitment: 

 
( ) ( )( )σ,ˆlog~log ,, tjtj RNR , 

 
where Rj,t is the observed recruitment from brood year t in population j, the fitted 
recruitment  is given by Eqs. (1) - (3) with appropriate population-specific parameter 
values, and σ is the residual standard deviation on the log scale. The smolt-to-adult 
survival φt for each brood year t was assumed to be shared across all populations due to 
common environmental influences during seaward migration through the Columbia River 
corridor and during marine residence. We estimated φt by assuming the aggregate counts 
at the uppermost Snake River dam represent the ESU as a whole, and modeling the adults 
returning to the dam from brood year t (At, corrected for in-river harvest) as a binomial 
sample from the outmigrating smolts from the same brood year (Mt): 

tjR ,
ˆ
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( )ttt MA ϕ,Bin~ . 

 
To complete the model specification, we placed independent uniform priors on the 
hyperparameters μaw, μah, σa, μRmax,w, μRmax,w, and σRmax, the residual standard deviation σ, 
and φt for each brood year t. The priors on smolt-to-adult survival were bounded on [0,1], 
while all other priors were adjusted to avoid truncating the posterior distribution. 

The joint posterior probability of the vectors of hyper-parameters μθ and σθ and the 
population-specific parameters θ given the data (i.e., vectors of recruitment R and dam 
counts of smolts M and adults A) is proportional to the product of the prior, the random 
effects distribution, and the likelihood: 

 
( ) ( ) ( ) ( ) ( ) ( )θMAθSSRσμθσμAMRSSθσμ θθθθθθ ,|,,|,|,,,,|,, pppppp hwhw ∝ . 

 
We simulated 4000 samples from the posterior distribution for each model by Markov 
Chain Monte Carlo (MCMC) using JAGS 3.1.0 (Plummer 2003) in conjunction with R 
2.15.1 (R Core Team 2012) and assessed convergence using standard diagnostics such as 
Geweke and Gelman-Rubin statistics (Gelman et al. 2004) along with visual inspection of 
trace plots and histograms. To compare the relative weight of evidence for each model 
given the data, we calculated the deviance information criterion (DIC; Spiegelhalter et al. 
2002): 

 
( ) DpD 22DIC +−= θ , 

 
where the deviance ( ) ( ) ( )[ ]θMAθSSRθ ,|,,|log2 ppD hw−=  is twice the negative log-
likelihood of the data given the parameters, ( )θD  is the deviance averaged over MCMC 
samples, and pD = Var[D(θ)]/2. The DIC is a Bayesian analogue of Akaike’s information 
criterion (AIC; Burnham and Anderson 2002) specifically designed for the hierarchical 
modeling context. Like AIC, it balances goodness of fit (low deviance) against a penalty 
term (pD) that increases with model complexity. We also calculated a Bayesian version of 
R2 for each model as the squared correlation between the posterior mean of ( )tjR ,

ˆlog  and 
the observed log recruitments, ( )tjR ,log . 
 
Results 
 

We found consistent evidence that naturally reproducing hatchery-reared adults 
produced fewer surviving offspring per capita than their wild-born counterparts. Across 
the set of candidate spawner-recruit models, DIC strongly favored model versions that 
included distinct parameters for wild and hatchery spawners over the corresponding 
versions with identical parameters, and in every case at least one of the hyper-means (μa 
or μRmax) was lower for hatchery spawners (Table 2). Among the four Leslie-Gower 
models, the data supported the version with distinct hatchery/wild values for both 
parameters by a very large DIC difference relative to the model with distinct Rmax but 
identical a (ΔDIC = 15.25), the model with identical Rmax but distinct a (ΔDIC = 61.72), 
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or the standard Beverton-Holt (ΔDIC = 68.21). The ranking of the four Ricker model 
versions was the same, although the difference between the two top-ranked models was 
much smaller than in the Leslie-Gower case (ΔDIC = 1.76). Likewise, in the exponential 
growth model, the version with distinct hatchery and wild per capita reproductive rates 
was strongly favored (ΔDIC = 92.09). 

The data provided strong indications of density-dependent smolt production, 
overwhelmingly favoring Leslie-Gower and Ricker models relative to exponential 
models (ΔDIC ≥ 194.16). This is visually apparent in plots of per capita productivity 
(defined here as log smolts per spawner, where smolt abundance is back-calculated using 
smolt-to-adult survival estimates from the best model), which are shown in Fig. 1 for the 
13 supplemented populations. The concave shape of these relationships suggests that the 
form of density-dependence is more consistent with Beverton-Holt than Ricker dynamics, 
and indeed all of the Leslie-Gower models were strongly favored over the Ricker models 
(ΔDIC ≥ 42.79; Table 2). Thus the best model overall was the Leslie-Gower with distinct 
intrinsic productivity and maximum smolt production parameters for wild and hatchery 
spawners (R2 = 0.64). The plots in Fig. 2 also suggest that after controlling for total 
spawner density, average per capita productivity declines as the proportion of hatchery 
fish in the spawning population increases, and that this decline may be greater at higher 
densities. This visual pattern is consistent with the lower estimated values of μah and 
μRmax,h relative to μaw and μRmax,w across the candidate model set. The sole exception was 
the top-ranked Leslie-Gower model (Table 2), where the estimated difference in the 
hyper-means of log maximum smolt production was in the expected direction (μρ, 
posterior mean and 95% credible interval -0.90 [-1.75, -0.06]) but the difference in 
intrinsic productivity was in the opposite direction (μα, 1.22 [0.12, 2.44]). The inherent 
correlation between the estimates of a and Rmax in the Beverton-Holt model does not 
appear to explain this anomalous result, as the posterior correlation between μα and μρ in 
the top-ranked model was negligible (r = -0.015). We consider possible explanations for 
this in the Discussion. 

In addition to the overall differences between hatchery and wild parameters, there 
was considerable variation in parameter estimates among populations. In all density-
dependent models, the CV of asymptotic smolt production was approximately twice as 
large as the CV of intrinsic productivity (Table 2, Fig. 2). Likewise, the hatchery/wild 
parameter offsets α j and ρj also varied across populations (Fig. 3). In the top-ranked 
Leslie-Gower model, although μα is positive and its 95% CI does not overlap zero, only 
two of the 13 population-specific posterior distributions of α j had 95% CIs not 
overlapping zero (Fig. 3A), indicating substantial uncertainty in the estimates of the 
relative intrinsic productivity of hatchery vs. wild spawners. In contrast, all but four of 
the distributions of ρj had 95% CIs whose upper endpoints were below zero (Fig. 3B), 
suggesting that although the posterior medians vary considerably among populations, 
there is stronger evidence of reduced asymptotic smolt production by hatchery spawners 
in most populations. 

 
Discussion 

 
Our analysis strongly indicates divergence between wild and hatchery-reared 

Chinook salmon in both the maximum per capita reproductive rate at low density and the 

 9



9.1: Supplementation and population dynamics 

strength of density dependence. Regardless of the underlying form of the population 
dynamics, data from multiple populations across the Snake River ESU consistently 
favored models that estimated separate, and almost always lower, values of both 
parameters for hatchery fish relative to their co-occurring wild counterparts. Although 
analyses of population-level abundance data cannot identify specific mechanisms 
underlying these differences, they are consistent with phenotypic changes observed in 
salmonids under captive breeding. For example, reduced success in competition for 
mates, particularly by males, could lead to lower productivity overall and particularly at 
higher densities where competition is intensified (Fleming and Gross 1993). Likewise, 
differences in the timing or location of spawning could result in lower density-
independent egg-to-fry survival or stronger density-dependent behavioral interactions 
among hatchery females defending redd sites (Hoffnagle et al. 2008, Williamson et al. 
2010). 

Differential productivity of wild and hatchery fish may not arise solely during the 
adult reproductive phase if the reduced performance of hatchery parents is inherited by 
their wild-born progeny (e.g., Araki et al. 2009). Traits such as somatic growth rate, 
agonistic behavior, response to predation risk, and the timing of migration and 
reproduction in salmonids are known to have a genetic component (Tave 1993, Hard 
2004, Williamson et al. 2010), and could translate into density-independent or -dependent 
effects on the survival of offspring of hatchery-reared spawners. However, it is important 
to note that our analysis cannot distinguish between genetic and environmental effects on 
the reproductive success of hatchery-origin adults. For example, the hatchery rearing 
experience may directly affect life-history traits such as age and size at maturity (e.g., 
Einum and Fleming 2001, Naish et al. 2008). Such plastic phenotypic responses could 
reduce the reproductive performance of hatchery-origin adults, but would not be inherited 
by their wild-born offspring. By the same token, we cannot directly address the potential 
effects of introgression by hatchery-origin genotypes on the fitness of the wild population 
(e.g., Ford 2002) because our data and models consider all wild-born individuals 
equivalent regardless of their pedigree. Although introgression is an important issue to 
consider when weighing the benefits and costs of supplementation, it is difficult to assess 
using demographic data alone.  

The analytical approach we used to infer population-dynamic effects of 
supplementation relies only on adult demographic data that are typically collected by 
salmonid population monitoring programs, which lends it the potential to be applied 
broadly. However, like all observational analyses of population dynamics, our approach 
is limited by the contrast in observed density–in this case, of both wild and hatchery 
spawners. In particular, this means that in addition to the familiar difficulties associated 
with fitting standard stock-recruit models (e.g., Walters and Martell 2004), there may be 
large uncertainty in the parameter estimates for hatchery fish if the data do not include a 
wide range of Sh across a wide range of Sw. This may explain the anomalous positive 
estimate of the relative intrinsic growth rate of hatchery fish, μα, in the best-supported 
Leslie-Gower model. In the posterior distribution, μα is much more strongly correlated 
with μah (r = 0.96) than with μaw (r = -0.27), but the large values of μα are associated with 
values of μah (95% CI, [5.7, 8.0]) that are a priori inconsistent with Chinook salmon 
demography. For example, μah = 8 implies a maximum productivity of e8 = 2981 smolts 
per spawner, far exceeding the product of fecundity (~3000-5000 eggs per female) and 
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egg-to-smolt survival (~0.02) reported for Snake River spring/summer Chinook by 
Kareiva et al. (2000) and Wilson (2003), which would yield at most 5000×0.02/2 = 50 
smolts per spawner. Rather than imposing an informative prior distribution on μah, we 
prefer to “let the data speak”, suggesting that there are too few observations at low values 
of both Sh and Sw to provide much certainty about the effectiveness of hatchery spawners 
in the absence of density-dependence (see also Figs. 2A and 3A). Data from depleted 
populations with a high proportion of hatchery spawners could offer valuable insight into 
this issue, but the most powerful approach for rapidly learning about the relative 
reproductive contributions of wild and hatchery fish across a range of population size 
would be systematic manipulation of hatchery supplementation levels in a planned 
experimental design (Waples et al. 2007, Naish et al. 2008).  

The model structure described here is well suited to exploring alternative hatchery 
operational strategies and their implications for population risk and recovery. Trajectories 
could be simulated from the fitted spawner-recruit models, with parameters drawn from 
the appropriate population-specific or ESU-average posterior distributions, and a 
specified control rule determining the number of hatchery spawners entering the 
population each year. For example, some supplementation programs for Chinook salmon 
in the Columbia Basin are operated on a sliding scale, with the number of hatchery-origin 
spawners being reduced as the wild population increases, while others are intended for 
long-term operation at a fairly consistent level. If the goal of supplementation is to 
provide a demographic boost to minimize the risk that a population will go extinct before 
recovery efforts can take effect (Hard et al. 1992, Fraser 2008), then these two 
operational strategies might entail different risk-benefit trade-offs that could be explored 
via empirically based simulation modeling. 

The spawner-to-smolt stage of our model could also be embedded in a more general 
life cycle model, perhaps involving environmental drivers of smolt-to-adult survival, 
impacts of hydropower dams, and harvest. Although we derived spawner-to-smolt 
production parameters by assuming a common smolt-to-adult survival for wild-born 
outmigrants regardless of parentage, we note that survival during outmigration and in the 
marine environment may also involve some of the heritable effects of captive breeding 
discussed above. To relax this assumption, a fruitful avenue for future analysis would be 
to fit our spawner-recruit models to data from supplemented populations where direct 
estimates of juvenile outmigrant abundance (e.g., from trapping or tagging) are available. 
Similarly, by combining time series of wild and hatchery spawner density with direct 
estimates of freshwater parr abundance (e.g., from snorkel surveys) or tagging-based 
estimates of parr-to-smolt survival, it may be possible to more precisely identify the life-
history stage or stages at which the divergence between wild and hatchery spawners 
arises. 

As a simple conceptual illustration of the dynamical effects of supplementation that 
scenario analyses could examine, consider a hypothetical smolt production function for a 
population of wild-origin spawners and the corresponding function for a population 
composed entirely of hatchery-reared individuals. The curves shown in Fig. 4 are based 
on the ESU-level (hyper-mean) parameter estimates in the best-supported Leslie-Gower 
model. According to this model, the all-hatchery population produces slightly more 
smolts on average at very low overall spawner density, although as discussed above, this 
feature more likely reflects limitations of the dataset we analyzed than biological reality. 
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In any case, this trend is quickly reversed as density increases, with smolt production in 
the hatchery population asymptotically approaching a maximum level that is ~40% lower 
on average than the maximum produced by the wild population. This has obvious 
implications for a supplementation program designed to buffer against the risks of low 
population size—for example, supplementation might have relatively benign effects on 
productivity at low abundance, but could limit the rate of rebuilding or the capacity to 
respond to improved environmental conditions (Oosterhout et al. 2005). The strong 
evidence of density-dependence seen in our analysis also points to another risk: if habitat 
conditions are impaired, successful reproduction by hatchery-origin fish may simply 
replace reproduction by wild salmon, rather than supplementing the wild population as 
intended. We hope the empirical work described here will help facilitate future analyses 
that explicitly consider these trade-offs in supplementation programs. 
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Table 1. Summary of Snake River spring/summer Chinook salmon populations used in 
the analysis. For spawner density and proportion of hatchery-reared spawners, means and 
ranges are shown. 
Population† Years‡ Supplemented§ Area 

(ha)¶ 
Spawner density 
(ha-1) 

Proportion 
hatchery spawners 

Bear Valley Cr. (MFBEA) 1962-2002 — 75.6 8.7 (0.2-26.7) 0 
Big Cr. (MFBIG) 1962-2002 — 140.5 1.8 (0.1-7) 0 
Camas Cr. (MFCAM) 1964-1998 — 63.4 2.7 (0.1-8.7) 0 
Catherine Cr. (GRCAT) 1962-2003 1986-2003 29.2 19.6 (1-75.6) 0.18 (0-1) 
Upper Grand Ronde R. (GRUMA) 1962-2003 1986-2003 32.3 9.3 (0.4-26.4) 0.13 (0-0.92) 
Imnaha R. (IRMAI) 1962-2003 1986-2003 57.2 22.1 (2.3-67.9) 0.19 (0-0.76) 
Lemhi R. (SRLEM) 1962-2003 — 148.3 3.6 (0.1-17.4) 0 
Loon Cr. (MFLOO) 1964-2002 — 74.2 2.2 (0.1-11.8) 0 
Lostine R. (GRLOS) 1962-2002 1986-2002 74.7 7.4 (0.4-19.5) 0.12 (0-0.76) 
Marsh Cr. (MFMAR) 1962-2002 2002 44.4 11.3 (0.3-40.7) 0 (0-0.01) 
Minam R. (GRMIN) 1962-2003 1986-2003 37.8 13.6 (1.4-38.3) 0.1 (0-0.9) 
Pahsimeroi R. (SRPAH) 1990-2003 1990-2003 66.7 2.2 (0.1-10.4) 0.57 (0.04-0.95) 
Secesh R. (SFSEC) 1962-2003 1988-2003 71.1 4.5 (0.6-18.8) 0.02 (0-0.09) 
South Fork Salmon R. East Fork 

(SFEFS) 
1962-2002 1988-2002 123.3 2.4 (0.2-9.9) 0.03 (0-0.36) 

South Fork Salmon R. (SFMAI) 1962-2000 1982-2000 309.2 3.1 (0.7-10.2) 0.14 (0-0.64) 
Salmon R. East Fork (SREFS) 1962-2003 1988-1998 88.7 8 (0.1-32.2) 0.07 (0-0.55) 
Lower Salmon R. (SRLMA) 1962-2003 — 612.3 0.4 (0-1.2) 0 
Upper Salmon R. (SRUMA) 1962-2003 1984-2003 80.1 11 (0.1-39.5) 0.1 (0-0.5) 
Sulphur Cr. (MFSUL) 1962-2002 — 14.9 17.3 (0.7-57.2) 0 
Tucannon R. (SNTUC) 1979-2003 1988-2003 24.2 16.4 (0.5-36.5) 0.3 (0-0.99) 
Valley Cr. (SRVAL) 1962-2003 — 42.7 7.5 (0.2-24.7) 0 
Wenaha R. (GRWEN) 1964-2003 1987-2002 49.3 13.5 (1-52.3) 0.16 (0-0.91) 
Yankee Fork (SRYFS) 1962-2000 — 52.3 6.5 (0.2-27.1) 0 
†Names and abbreviations follow ICTRT (2007). 
‡Range of brood years when abundance data were collected; in most cases there are no missing years within 
this period. 
§Brood years when at least one hatchery-reared adult was recorded on the spawning grounds. 
¶Estimated spawning habitat area based on ICTRT (2007). 
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Table 2. Hierarchical Bayesian spawner-recruit models fitted to Snake River 
spring/summer Chinook salmon data, ranked in order of descending support based on 
DIC. Smolt production is described by the exponential (Exp), Leslie-Gower (LG), or 
Ricker (Rick) model; see text for parameter definitions. Parameter estimates shown are 
posterior means. Empty cells for hatchery parameters correspond to models where wild 
and hatchery parameters are identical. 
Model μaw μah σa μRmax,w μRmax,h σRmax σ ( )θD  pD ΔDIC† R2 
LG 5.59 6.82 0.64 6.74 5.83 1.12 0.78 4678.76 119.44 0.00 0.64 
LG 5.63 — 0.54 6.70 5.89 1.11 0.79 4701.94 111.51 15.25 0.64 
LG 5.63 4.05 0.52 6.60 — 1.17 0.82 4754.56 105.36 61.72 0.64 
LG 5.55 — 0.50 6.57 — 1.14 0.82 4769.34 97.07 68.21 0.63 
Rick 5.06 4.92 0.28 6.69 6.16 1.02 0.84 4795.01 114.19 111.00 0.52 
Rick 5.05 — 0.27 6.69 6.14 1.01 0.83 4794.92 116.04 112.76 0.52 
Rick 5.06 4.09 0.29 6.65 — 1.11 0.86 4841.09 108.69 151.59 0.53 
Rick 5.02 — 0.28 6.60 — 1.08 0.86 4849.85 106.80 158.45 0.53 
Exp 4.55 3.96 0.09 — — — 0.99 5091.88 58.93 352.61 0.58 
Exp 4.64 — 0.20 — — — 1.03 5156.35 86.55 444.70 0.57 

†DIC differences are calculated by subtracting the minimum DIC value from the value for each model. 
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Figure 1. Productivity (log smolts per spawner) as a function of spawner density for 13 
Snake River spring/summer Chinook salmon populations where hatchery-origin adults 
have been observed on the spawning grounds. Smolt abundance is back-calculated from 
adult recruit abundance using posterior mean smolt-to-adult survival for each brood year, 
estimated from the best-supported spawner-recruit model fitted to the data. Points are 
shaded to indicate the proportion of spawners that were hatchery-reared; darker colors 
indicate higher hatchery influence.  
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Figure 2. Posterior distributions of (A) intrinsic productivity a and (B) maximum smolt 
production Rmax for wild (gray) and hatchery (black) spawners in the best-supported 
Leslie-Gower model. Thick lines show posterior distributions of hyper-means and thin 
lines show population-specific estimates. Note that wild parameters are estimated for all 
populations, while hatchery parameters are estimated only for populations where 
hatchery spawners have been observed. 
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Figure 3. Posterior distributions of population-specific offsets that represent the log-ratio 
of spawner-recruit parameters for hatchery spawners to the corresponding parameters for 
wild spawners. Offsets for intrinsic productivity (α, shown in panel A) and maximum 
smolt production (ρ, shown in panel B) are based on the best-supported Leslie-Gower 
model. Boxes show posterior quartiles and medians, and whiskers show 95% credible 
intervals. On the log scale, an offset value of zero (dashed vertical line) indicates 
equivalence between wild and hatchery spawners, while negative values indicate lower 
parameters for hatchery fish and positive values indicate the reverse. 
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Figure 4. Spawner-recruit curves representing smolt production by a hypothetical 
population of either wild (dashed gray lines) or hatchery-reared (solid black lines) adults. 
Curves are based on the posterior distributions of the hyper-means of intrinsic 
productivity and maximum smolt production for each type of spawner in the best-
supported Leslie-Gower model. Thick lines indicate posterior means of predicted 
(median) smolt density and thin lines indicate 90% credible intervals. 
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CHAPTER 10: FORECASTING 
 

10.1 An age-structured model for probabilistic forecasting of salmon 

populations 
 

Eric R. Buhle (Northwest Fisheries Science Center, Seattle, WA), Richard W. Zabel (Northwest 

Fisheries Science Center, Seattle, WA), and Mark D. Scheuerell (Northwest Fisheries Science 

Center, Seattle, WA) 

 

Introduction 

 

An important component of the Adaptive Management Implementation Plan (AMIP) under 

the FCRPS BiOp is the capability to determine when evolutionarily significant units (ESUs) 

reach critically low abundance levels. When ESUs fall to specified levels, the AMIP calls for the 

Action Agencies, in coordination with NOAA Fisheries, the RIOG, and other regional parties to 

determine what Rapid Response Actions to implement.   

Two metrics have been developed to assess when populations reach dangerously low levels.  

The abundance metric is based on a four year running average of population abundances. If this 

metric falls below a pre-determined threshold level, a trigger is tripped and actions will be 

initiated (see AMIP for details).  Similarly, a trend metric measures trend in abundance over 5-

year periods, similar to the trend metric adopted by the Biological Review Team (BRT). This 

metric is used in conjunction with the abundance metric to assess when populations are in 

trouble. 

The AMIP also called for an additional early warning indicator that can provide an indication 

that a population could possibly fall below critical thresholds in the next two years. In this 

document, we present a forecasting tool that predicts population abundances in the next two 

years.  The tool uses historical data (smolt counts and age-specific adult returns) to build a 

predictive model of adult returns rates.  The predictive model takes into account how variable 

ocean conditions affect smolt-to-adult survival rates (SARs). The model also fully accounts for 

the uncertainty in its predictions. The primary output of the model is the probability that 

population abundance will fall below certain critical levels over the next two years.  Managers 
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can then use this information to guide decisions on how to begin to undergo actions in the near 

future.  

We note that the objective of this document is to present methods for forecasting adult 

returns.  Further, the methods were designed to produce the type of output that is directly 

compatible with the decision analysis framework required for AMIP.  However, this document 

does not make any specific recommendations on how this information should be used.  In 

particular, we do not recommend whether the output should be used as an additional trigger 

mechanism, or whether it should be used as a mechanism to provide early warning for the 

existing trend and abundance metrics.  These are policy choices that require further discussion. 

 

Overview 

 

The approach we describe for forecasting future adult returns is empirically and statistically 

driven, and is designed to take advantage of data on the annual abundance of juvenile 

outmigrants (smolts) and the abundance and age distribution of returning adults over some time 

period up to the most recent year.  (See Summary and Future Directions for a discussion of 

possible approaches to other types of data sets.) These data provide information on the patterns 

of temporal variation in SAR and the adult age distribution (i.e., the proportion of total adults 

from a given cohort that return at age a). The task for any forecasting model is to use this 

retrospective information to make predictions of future population dynamics and to characterize 

the uncertainty in those predictions.  

Although the ultimate test of such a model is its ability to generate accurate and precise 

forecasts of as-yet-unobserved data, we developed our modeling approach with three additional 

criteria in mind. First, we sought an approach that efficiently and simultaneously uses all the 

information available in the data, including smolt-to-adult survival and adult age distribution as 

well as any environmental covariates found to be useful in predicting these parameters. Second, 

we attempted to balance parsimony with realism by developing a model that avoids unnecessary 

complexity while admitting relevant biological details, such as temporal variability in survival 

and age distributions. Third, we required a formal statistical approach, in particular one that is 

able to generate predictive probability distributions of future population sizes and associated 

events (e.g., the probability of the adult population falling below a specified threshold). 
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Our forecasting approach has at its core a simple age-structured model that projects a cohort 

of outmigrating juveniles in a given year into surviving adults returning at various ages in future 

years. In a retrospective context, the parameters of this model (cohort-specific SARs and age 

distributions) could be estimated simply by fitting the observed time series of data, but predicting 

the future requires some means of predicting future values of the parameters. To do this, we 

adopted a hierarchical modeling framework, in which a process model describes the variation in 

the parameter values over time, as determined by higher-level parameters and predictive 

covariates, while a data (or observation) model describes the sampling distribution of the data 

(numbers of adult returns by age) given the parameters, allowing us to estimate the parameters 

by matching the model predictions to the data.  

Hierarchical models of this sort have gained popularity in recent years in the environmental 

sciences (Clark 2005, Royle and Dorazio 2008, Cressie et al. 2009), and well-developed methods 

exist for fitting and validating them. We used a Bayesian statistical framework to fit our models, 

generate predictions, and evaluate forecasting performance. While it is possible in principle to 

analyze hierarchical models within the classical frequentist statistical paradigm (Royle and 

Dorazio 2008), Bayesian methods enjoy computational advantages (Clark 2005). More 

fundamentally, only Bayesian analysis can provide results in the currency we need, namely 

probability distributions of predicted outcomes (Hobbs and Hilborn 2006, Wade 2000), which is 

why Bayesian methods are a standard tool in risk and decision analysis (Punt and Hilborn 1997). 

The modeling framework described below shares some features of other approaches that 

have been used to forecast salmon returns, but differs in some important ways. Like many 

previous studies (Scheuerell and Williams 2005, Zabel et al. 2006, Haeseker et al. 2005, 

Logerwell et al. 2003), our model allows the use of “leading indicator” covariates to predict 

survival or productivity. Most of these studies, however, have either ignored age structure (e.g., 

by focusing on species such as pink or coho salmon whose adult returns are dominated by a 

single age class), or dealt with it in fairly simplistic ways (e.g., by setting the age distribution of 

future cohorts equal to a recent average) which result in underestimates of forecast uncertainty. 

On the other hand, sibling regression methods (Peterman 1982, Haeseker et al. 2007) focus 

primarily on relative age composition of adult returns, using the numbers of younger age classes 

from a given cohort to predict the numbers of older age classes in subsequent years. Typical 

applications of sibling regression models, however, assume that the relative proportion of each 
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age (i.e., the slope of the regression of older siblings on younger ones) is constant through time. 

Moreover, these regressions do not make the most efficient possible use of the available 

information, as they use separate, independent relationships to estimate the relative proportions 

of successive age classes (e.g., 2- vs. 3-ocean, 3- vs. 4-ocean, and so on) when in reality these 

proportions are inherently correlated because they must sum to one. Our approach combines 

information on overall marine survival based on covariates with information provided by early 

returns from a cohort and generates probabilistic forecasts that account for uncertainty in the 

joint distribution of parameter estimates, the inherent stochasticity of population dynamics, and 

the sampling variability of the data. 

 

Methods 

 

Observation Model 

 

The goal of our analysis is to predict adult returns for the next two years and to estimate the 

probability of a range of returns.  To do this, we begin by developing a simple age-structured 

model that describes the basic population dynamics and makes predictions that can be compared 

to the available data.  In particular, for many salmonid species returning adults in a given year 

are derived from several different cohorts of outmigrating smolts, and the model reflects this.  

Further, year-to-year variability in adult returns arises from several sources, and the age-

structured model reflects two basic sources of variability: variability in smolt-to-adult return 

rates (SAR) and age composition. This age-structured model, along with a likelihood function 

that quantifies the fit between the predicted numbers of returning adults by age and the data, 

together comprise the observation model component of our hierarchical model. In the subsequent 

section we describe the process model, which governs the temporal evolution of the parameters 

in the observation model. 
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Table 1. Partial data set for aggregate counts of Snake River spring-summer Chinook smolts and 

returning adults (adjusted for mainstem Columbia River harvest). The full data set includes years 

1964-2010. Bold italic entries illustrate two cohorts of outmigrating smolts that can be traced 

diagonally to recruits by age in subsequent years. The 2000 cohort is fully observed, while the 

2008 cohort is only partially observed: 3-ocean adults have not yet been reported. Adults 

returning in years 2011 and 2012 can be forecast by our hierarchical age-structured model. 

  Ocean Age 
Year 

(t) 
Smolts 

(Jt) 
1 

(R1,t) 
2 

(R2,t) 
3 

(R3,t) 
2000 1344382 1601 7415 437 
2001 490534 1984 45565 1347 
2002 1128582 394 17210 14663 
2003 1455786 2496 7046 25115 
2004 1517951 1349 19412 2236 
2005 1734464 415 6371 2472 
2006 1227474 297 7167 1598 
2007 787150 1187 4005 4124 
2008 856556 2532 12326 2944 
2009 929749 3246 10672 3281 
2010 1219742 1565 28708 1539 
2011  R1,2011 R2,2011 R3,2011 
2012   R2,2012 R3,2012 
 

To motivate the development of our observation model, consider a typical data set (Table 1) 

consisting of the number of juvenile outmigrants (Jt) and returning recruits of ocean age a, 

adjusted for harvest mortality, in calendar year t (Ra,t). In order to predict the abundance of a 

cohort of fish that migrated as juveniles in year t and returned after a years in the ocean, we must 

first predict an SAR (st) and an age class proportion (pa,t) of adults returning at ocean age a, both 

indexed by the year of migration: 

 

, 

 

where the “hat” notation signifies that these are unknown parameters to be estimated.  

Given annual estimates of smolt-to-adult survival and the age distribution of recruits, we 

could predict the number of recruits by age in each calendar year and obtain a prediction of the 
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total return by summing across age classes. We might also be interested in subsets of the total 

return; for example, in the Snake River spring/summer Chinook case study below, we report 

forecasts as the total number of 2- and 3-ocean fish, ignoring 1-ocean fish (jacks): 

 

 RT,t = R2,t + R3,t . 

 

In this example, predicting returning adults over a 2-year period requires predicting two age-

classes from each of two cohorts (e.g., those representing 2- and 3-ocean adults in 2011 and 2012 

in Table 1). 

In order to estimate the model’s parameters we must specify a likelihood function, which 

defines the probability of observing the data (Ra,t for all adult ages a and return years t) given 

some parameter values (st and pa,t for all a and t). We assumed the numbers of recruits of each 

age from a given cohort follow a multinomial distribution where the sample size is the number of 

outmigrants, Jt: 

 

[R1,t+1,  ..., R maxAge,t+ maxAge, Ut] ~ Multinomial(Jt, [st p1,t, ..., st pmaxAge,t, 1 - st]). (1) 

 

Here Ut is shorthand for the number of presumed mortalities at sea; that is, the number of fish 

that outmigrated in year t and never returned: 

 

. 

 

By including Ut in the vector of observations, we have a likelihood function that depends on both 

SAR and the age distribution, allowing us to estimate these parameters jointly. Thus the 

distribution of “fates” of fish from cohort t includes those that survived and returned to 

freshwater at a given age, with probabilities given by the survival rate times the age proportion, 

and those that did not survive.  

For partially observed cohorts (e.g., outmigration years 2008-2010 in Table 1), we pooled the 

unobserved “fate” categories in the data and the corresponding multinomial cell probabilities. 
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For example, if 1- and 2-ocean recruits from cohort t have been observed but 3-ocean recruits 

have not yet returned, the likelihood is 

 

[R1,t+1, R2,t+2, Ut] ~ Multinomial(Jt, [st p1,t, st p2,t, 1 - st(p1,t + p2,t)]) , (2) 

 

where Ut = Jt - R1,t+1 - R2,t+2. It might appear that the SAR and age proportions for partially 

observed cohorts are not uniquely identifiable, and indeed this would be the case if the 

parameters for each cohort were treated as separate and independent from those in all other 

cohorts. This is one of our main motivations for adopting a hierarchical approach: it allows 

earlier, fully observed cohorts in the data set to provide information (via the process model) 

about the likely distribution of parameters that are not well-defined by the data, while avoiding 

the often unrealistic assumption that the parameters simply remain constant over time. The next 

section describes the process model for SAR and the age proportions in detail. 

 

Process Model 

 

Conceptually, our approach to the problem of estimating the parameters (SAR and the age 

proportions) for the partially observed or unobserved cohorts in the most recent years involves a 

combination of (1) using predictive covariates such as ocean climate indices, which are typically 

hypothesized to act primarily on survival during the first year at sea and thus can be measured 

before any adults from the cohort return (i.e., “leading indicators”), and (2) using information 

gained from previous, fully observed cohorts to help inform the likely parameter values. The 

cohort-specific parameters are thus constrained on the one hand by the process model, and on the 

other hand by the observed data, which act via the likelihood to give more support to some 

parameter values than to others. The process model in turn has its own higher-level parameters, 

which are themselves unknown quantities to be estimated. 

Specifically, the process model consists of two components, corresponding to smolt-to-adult 

survival and the recruit age distribution. We assumed that smolt-to-adult survival for each cohort 

t is drawn from a beta distribution, 

 

st  ~ Beta(!t, ms), 
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where !t is the mean or expected value of st and ms is a precision parameter (the larger ms is, the 

less survival is likely to differ from its expected value). The beta distribution is a flexible, natural 

choice that is commonly used for parameters such as survival that are bounded on the interval 

(0,1).  

We modeled the cohort-specific mean survival as a function of covariates X1, ..., Xk, using a 

logit transformation to linearize the relationship: 

 

, (3) 

 

where the coefficients include an intercept ("0) and possibly one or more slopes ("i). This model 

of covariate effects on survival is analogous to a beta regression model (e.g., Cribari-Neto and 

Zeileis 2010). Some versions of the model allowed temporal autocorrelation in the sequence of st 

values, distinct from the effects of exogenous covariates, by including a first-order 

autoregressive [AR(1)] term in the residual errors of the logit-linear regression for mean 

survival: 

 

, (4) 

 

where !s is the autocorrelation coefficient (-1 ! !s ! 1) and the residual at the previous time step, 

"t-1, is defined as the difference between st-1 and !t-1 on the logit scale. In this case a year in 

which survival is higher than expected, given the covariates, is likely to be followed by another 

higher-than-expected year (!s > 0), or by a lower-than-expected year (!s < 0). If !s = 0 then Eq. 4 

reduces to Eq. 3, in which case consecutive values of st are independent after accounting for any 

covariate effects. 

The second component of the process model assumes that the age distribution of recruits 

from each cohort is drawn from a Dirichlet distribution, 

 

pt  ~ Dirichlet(!, mp), 
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where pt  = [p1,t, ..., pmaxAge,t] is the vector of proportions of each ocean age up to the maximum in 

the data, ! = [#1, ..., # maxAge] is the corresponding vector of mean (expected) proportions, and mp 

is a precision parameter (the larger mp is, the less the proportions in each age class will vary 

among cohorts). The Dirichlet is the multivariate generalization of the beta distribution, and is a 

standard choice for modeling vectors of probabilities, proportions, or relative compositions that 

are constrained to sum to one (Aitchison 2003). Because survival and the age distribution jointly 

determine the likelihood of the data, their precision parameters cannot be estimated separately, 

so we defined m = ms + mp as the overall precision. In some versions of the model, we allowed 

temporal autocorrelation in the sequence of pt  vectors. To facilitate this, we transformed ! using 

the additive log ratio transformation (Aitchison 2003), which is the multivariate generalization of 

the logit transformation, and included first-order autoregressive [AR(1)] terms in the residual 

errors of the transformed parameters: 

 

, (5) 

 

where !p is the  autocorrelation coefficient (-1 ! !p ! 1) and the residual at the previous time step 

("i,t-1) is defined as the difference between the log ratio of #i and its mean, $i. 

 

Bayesian Model-Fitting and Forecasting 

 

We used a Bayesian framework to fit the model to data, where the data consist of time series 

of smolts, adult recruits by age, and any covariate values used in predicting mean SAR. As 

discussed above (see Overview), we chose the Bayesian framework partly for its computational 

tractability (relative to frequentist inference) in dealing with nonlinear hierarchical models such 

as ours, but more importantly because it provides intuitive probability statements about model-

derived quantities, such as the number of recruits in some future year, and for this reason is well 

suited to forecasting and decision-making problems in general (Clark 2005, Hobbs and Hilborn 

2006). 
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We placed noninformative proper uniform priors on all the parameters (the " coefficients, the 

mean log ratio $i for each age proportion i, !s, !p and m). We drew samples from the joint 

posterior distribution of the parameters using Markov Chain Monte Carlo (MCMC) simulation 

(Gelman et al. 2003) implemented in the JAGS software, used standard diagnostics to assess 

convergence, and visually compared prior and posterior distributions to check for prior 

sensitivity.  

To make a prediction for a given cohort we drew a sample from the multinomial data 

distribution (Eq. 1), using a vector of parameters st and pt drawn from the posterior distribution. 

Repeating this for every set of parameters in the posterior sample generated by MCMC then 

gives a posterior predictive distribution of recruits of each age from the cohort. This posterior 

predictive distribution integrates three levels of variability: (1) parameter estimation uncertainty 

due to fitting the model to a finite set of data, (2) temporal stochasticity in the underlying 

population dynamics (described by the process model), and (3) sampling variability via the data-

generating model. Predicted returns-at-age can easily be aligned by calendar year, and summing 

across age classes in a given calendar year gives a prediction of total annual returns. Such 

predictions may be retrospective (i.e., hindcasts), such as for years 2000-2010 in Table 1, or 

prospective (i.e., forecasts), as for years 2011-2012 in Table 1. In either case, the posterior 

predictive distribution naturally lends itself to probability statements such as, “There is a 95% 

probability that total returns in year t will lie in the interval (Rlo, Rhi)” or “The probability that 

total returns in year t will fall below some specified management threshold R* is P.”  

It is worth pointing out that in the case of partially observed cohorts, the posterior predictive 

distribution of forecasts—that is, numbers of recruits in the as-yet-unobserved older age 

classes—automatically incorporates the information provided by the younger age classes whose 

numbers are already known. This information enters through the likelihood (Eq. 2) and adjusts 

the cohort-specific parameters to achieve a balance between fitting the observations in the 

younger age classes and conforming to the process model, which describes patterns common to 

all cohorts. Thus our prospective forecasts of older fish are conditioned on returns of their 

younger siblings, albeit in a more subtle way than in the traditional sibling regression models. 
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Application to Snake River Spring-Summer Chinook 

 

As a case study to illustrate the potential applications of our modeling framework, we used 

aggregate run size data for the Snake River spring-summer Chinook ESU, a subset of which is 

shown in Table 1 (see Scheuerell and Williams 2005 for details). We chose this ESU because 

long time series of smolt and age-structured adult counts are available and because previous 

studies have identified possible environmental predictors of marine survival. The full data set 

includes estimates of the total number of smolts passing Lower Granite Dam in calendar years 

1964-2010 and the total number of adults at each ocean age (1, 2, or 3, ignoring 4-ocean adults 

as explained above) returning in calendar years 1964-2010, which gives full return data for the 

1964-2007 smolt cohorts and partial data for the 2008-2009 cohorts. As covariates of marine 

survival, we considered (1) the annual average of the monthly Pacific Decadal Oscillation index 

(PDO, Mantua et al. 1997), (2) the annual average of the multivariate El Niño Southern 

Oscillation Index (ENSO1), (3) three monthly coastal upwelling indices (April, September, and 

October CUI; see Scheuerell and Williams 2005), and (4) monthly sea surface temperatures 

(April-December SST) just offshore of the Columbia River mouth2, all in the year of ocean 

entry. This is by no means an exhaustive list of potentially useful covariates, and is intended 

merely as an illustrative example. 

We developed a set of candidate models (Table 2) by initially fitting a set of beta regressions 

(Cribari-Neto and Zeileis 2010) to the full time series of observed SAR. These models are simple 

GLMs fitted by maximum likelihood, and were used only to identify promising sets of covariates 

for the SAR process model (Eq. 3). In this initial screening we used Akaike’s information 

criterion, corrected for sample size (AICc, Burnham and Anderson 2002) to rank all subsets of 

the global model, which included all covariates. Because it would be computationally prohibitive 

in terms of CPU time to explore this full set of models in a Bayesian forecasting context, we 

retained just the subset of models whose AICc values were within 2 units of the best model 

("AICc ! 2) for the full analysis described above. In addition, we included two models with no 

covariates and only an intercept for survival, either with autocorrelated errors in survival and the 

age distribution (Eq. 3) or without (Eq. 2). We fit each of these models to the full dataset using 

                                                
1 Available from http://www.esrl.noaa.gov/psd/enso/mei/ 
2 Available from http://www.esrl.noaa.gov/psd/data/timeseries/  
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Bayesian MCMC and calculated the deviance information criterion (DIC, Spiegelhalter et al. 

2002), a Bayesian measure of model performance that, like AIC in a frequentist context, 

balances goodness of fit to the data against parsimony (Burnham and Anderson 2002). Like AIC, 

DIC is derived from a theory based on optimizing out-of-sample predictive ability, but its actual 

calculation is based only on the retrospective fit to the data. 

To directly assess forecasting performance, we iteratively fitted each model to subsets of the 

data, beginning with years 1964-1973 and sequentially adding one year at a time through 2010. 

For each subset of years 1, 2,..., t, we generated forecasts of adult returns (the sum of ocean ages 

2 and 3, ignoring jacks) in years t+1 and t+2. These forecasts can be compared to the observed 

adult returns in years 1974-2010 (for the one-year-ahead forecasts) or 1975-2010 (for the two-

year-ahead forecasts), and the comparisons can be formalized by calculating quantitative metrics 

of forecast performance. We used two such metrics. The first, root mean squared error (RMSE) 

is defined as the squared deviation between the observed (RT,t) and predicted ( ) values, 

averaged over the M samples from the posterior distribution and then averaged across the Y 

forecast years: 

 

. 

 

 The second, posterior predictive deviance (PPD, Gelman et al. 2003) is based on the 

multinomial likelihood of the data under the model (Eq. 1) and is defined as two times the 

negative log-likelihood of a future observation (here, the numbers in each age class in year t+1 or 

t+2), averaged over the posterior distribution. These values are then summed over all years to 

give an overall PPD for one- or two-year-ahead forecasts: 

 

. 

 

 Lower values of PPD imply that the observed data were more likely to occur, given the 

forecasts. 
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Results 

 

The models we fit to the Snake River spring-summer Chinook salmon data illustrate the 

benefits of incorporating complexity in the form of predictors of marine survival and serial 

autocorrelation in survival and the adult age distribution. The simplest model we considered, 

with no covariates and serially independent errors in survival and the age distribution, performed 

relatively poorly at fitting the full data set (reflected in a high DIC) and at predicting the near 

future (reflected in high RMSE for one-year-ahead forecasts and high RMSE and PPD for two-

year-ahead forecasts; Table 1). Allowing serial autocorrelation in survival and the age 

proportions did not substantially change the fit to the data (DIC), but did improve forecasting 

ability. Including covariates of survival resulted in improvements in DIC that ranged from 

negligible to substantial, but all models with covariates showed major improvements in forecast 

performance metrics. Despite large differences in DIC among the four models with covariates, 

each gave very similar forecasts, underscoring the fact that the ability of a model to fit 

retrospective data well does not necessarily translate into success at predicting the future. 

The one-year-ahead forecasts of total returns (ocean ages 2 and 3) based on the more 

complex models captured the patterns of the observed data fairly well, as we illustrate (Fig. 1A) 

for a model with CUI, PDO, and SST covariates (model 3 in Table 2). As expected, two-year-

ahead forecasts are slightly less accurate than one-year-ahead forecasts (Fig. 1B), and also more 

clearly reveal the relative performance of different candidate models, especially if PPD is used as 

the criterion (Table 1).  

It is straightforward to combine these forecast distributions to predict quantities of interest 

for management, such as running sums (Fig. 1C) or averages of recruitment over a specified time 

horizon. One quantity of particular interest is the probability that the population size will fall 

below some specified threshold in the near future, which can be read off from the posterior 

cumulative distribution function (Fig. 2). From the perspective of forecasting the risk of decline 

or quasi-extinction, it is arguably more critical for the quantiles of the forecast distribution to 

accurately match the quantiles of future observations than for the mean or median forecast to 

match the observed values. In other words, events that the model predicts to be rare (e.g., next 

year’s return falling at or below the 5th percentile of the forecast distribution) should in fact occur 

rarely (in this case, approximately 5% of the time). Although both the RMSE and PPD metrics 
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reflect this distributional forecasting accuracy to some degree, we also present an intuitive 

graphical assessment. Each observation of the total adult return is expressed as a quantile of the 

same year’s forecast probability distribution, and the cumulative frequency distribution of these 

forecast quantiles is shown. This relationship should follow the 1:1 line on average if the forecast 

is distributionally accurate. These plots generally show close agreement between the predicted 

and observed distributions of future adult returns (Fig. 3), indicating that the model performs 

well at predicting the probability of population growth or decline. There is a slight excess of 

observations that fell in the lowest quartile of the corresponding forecast distribution (e.g., 12/37 

or 32% of the observations fell at or below the 20th percentile of the one-year-ahead forecasts), 

suggesting that this particular model slightly underestimates the probability of population 

decline. Many of these overly optimistic forecasts were made in roughly the first seven years of 

forecasting (1974-1980; see Fig. 1A), when <20 years of data were available to fit the model and 

when SAR was declining precipitously. We discuss possible further refinements to model 

performance in the next section. 

 

Summary and Future Directions 

 

We believe the modeling framework presented here will be broadly applicable to short-term 

forecasting of adult population size in salmonids. The strengths of our approach are that it 

efficiently uses the available information (the size of outmigrating smolt cohorts, relationships 

between marine survival and “leading indicator” covariates, and patterns of covariance among 

survival and age distribution parameters in historical data), and that it provides a realistic 

accounting of multiple sources of uncertainty (parameter estimation error, temporal variability in 

population dynamics, and sampling error) in the forecasts. In contrast to other commonly used 

forecasting models, we avoid making unrealistic assumptions about the temporal constancy of 

parameters such as the adult age distribution. Like all forecasting approaches, our model requires 

up-to-date data in order to make forecasts of the future. Moreover, better data allow better 

predictions. All data, particularly when aggregated to the scale of a salmon population or ESU, 

contain observation error. One possible future modification of our approach would involve 

explicitly modeling the observation error in smolt and adult estimates within a state-space 

framework (Newman et al. 2006). 
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The application to Snake River spring-summer Chinook illustrates the benefits of using 

covariates to help predict marine survival and including process variability, e.g. in the adult age 

distribution. The simple example presented here is not intended to be a final, definitive model for 

this ESU, and clearly there is room for improvement. One avenue will be to explore other 

possible covariates of marine survival, including physical oceanographic variables such as 

characteristics of the Columbia River plume, as well as biological variables such as the 

abundance and species composition of prey (Peterson et al. 2010). In addition, we will examine 

other covariates, such as river flow, that have also been demonstrated to influence marine 

survival.  Another avenue of model development will be to incorporate additional structure into 

the process model, such as environmental covariates to help predict the distribution of age-at-

return probabilities. As a comparison, we will also examine several simpler models, such as 

standard sibling regression models and naive (that is, not population dynamics-based) time series 

models that relate abundance in the next year or two to current abundance. Finally, it is often the 

case that different models perform best under different conditions, and predictive ability is often 

improved by averaging forecasts across multiple models. Bayesian averaging of multiple model 

forecasts (Gelman et al. 2004) would be a fairly straightforward extension of our approach. 

We are currently compiling datasets for other populations/ESUs (Snake River steelhead, 

Chiwawa River spring Chinook, Umatilla River steelhead) to expand the modeling. We will also 

continue to search for other appropriate datasets and hope to inform monitoring efforts on the 

most useful types of data to collect to build datasets for future analyses. Conversely, we also plan 

to explore modeling approaches that might be used in more data-limited situations where, for 

example, smolt counts are not available. One possibility in this case would be to use a spawner-

recruit model to predict the total number of returning adults from a given brood year, thus 

replacing the smolt counts and SAR values in our model with spawner counts and productivity 

and capacity values. An alternative approach would be to ignore smolt-to-adult survival or adult-

to-adult productivity altogether and focus solely on the relative abundance of different age 

classes, as in sibling regression models but within a more unified framework allowing for 

interannual variation in the adult age distribution. Another topic that will merit further discussion 

is how to scale model results up or down to correspond to the appropriate conservation units. 
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 Table 2. Forecasting models applied to Snake River spring-summer Chinook salmon. Models 

included monthly coastal upwelling indices (CUI), monthly sea surface temperatures (SST), 

mean annual Pacific decadal oscillation (PDO), and mean annual El Niño Southern Oscillation 

Index (ENSO) as predictors of smolt-to-adult survival, or no covariates. Some models included 

autocorrelated errors [AR(1) terms] in cohort-specific mean survival and age distribution 

parameters. The deviance information criterion ("DIC, scaled so the best model has a value of 

zero), root mean squared error (RMSE), and posterior predictive deviance (PPD) for one- and 

two-year-ahead forecasts are shown for each model (see Methods for details). 
     One year ahead Two years ahead 
Model Covariates Survival 

AR(1) 
Age 

AR(1) 
"DIC RMSE PPD RMSE PPD 

1 None No No 14.99 23087.66 110.73 22111.46 1007600.56 
2 None Yes Yes 15.43 19660.66 110.88 21093.41 802313.05 

3 CUIApr + CUIOct + PDO + 
SSTJun + SSTNov 

Yes Yes 16.45 11968.43 111.15 14151.59 544910.48 

4 CUIApr + CUIOct + PDO + 
SSTApr + SSTJun + SSTNov 

Yes Yes 4.29 10857.14 110.94 14091.69 544595.42 

5 CUIApr + CUISep+ CUIOct + 
PDO + SSTJun + SSTNov 

Yes Yes 0.00 11623.82 110.71 13391.42 536314.21 

6 CUIApr + CUIOct + ENSO + 
PDO + SSTJun + SSTNov 

Yes Yes 16.09 14447.08 110.74 18630.05 597207.98 
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Figure 1. Forecasts of total adult returns (ocean age 2 and 3, adjusted for mainstem Columbia 

River harvest) of Snake River spring-summer Chinook salmon. Forecasts were generated by 

fitting model 3 (see Table 2) to subsets of the data, beginning with the first 10 years and 

sequentially adding one year at a time, and predicting returns (A) one or (B) two years in the 

future, as well as (C) the two-year running sum of returns. Medians (thick line) and 95% credible 

intervals (thin lines) are shown for all forecasts. The vertical gray bar indicates 2010, the last 

year of adult return estimates in our data set. 

 

Figure 2. Cumulative posterior distribution of the adult (ocean age 2 and 3, adjusted for 

mainstem Columbia River harvest) return forecast of Snake River spring-summer Chinook 

salmon for 2011, based on model 3 (see Table 2) fitted to data from 1964-2010. The dotted lines 

indicate a hypothetical conservation or management threshold (the x-axis value) and the 

predicted probability that the population will fall below that threshold (the y-axis value). 

 

Figure 3. Cumulative frequency distributions of observed adult Snake River spring-summer 

Chinook salmon returns (ocean age 2 and 3, adjusted for mainstem Columbia River harvest), 

expressed as quantiles of the forecasted returns in (A) one-year-ahead or (B) two-year-ahead 

forecasts based on model 3 (see Table 2). The 1:1 line indicates the agreement between predicted 

and observed quantiles that would occur on average if the forecast perfectly captured the 

distributional properties of the data.
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